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It was around 16 years ago, when I got the opportunity to take my first small
steps in Kenya. I remember so well the flurry of excitement for this
“unknown” continent and my first visit to Baringo/Bogoria. After fortifying
myself with the traditional foods Njama Joma and Samaki, I put on my
sandals for night sampling because of the hot temperatures, but was fortu-
nately stopped just in time by a local resident who carefully lifted up stones
and showed me—the “mzungu” (Swahili word for white people)—some
scorpions and dangerous centipedes. On the next day, we travelled to
Bogoria, and an astounding new world opened itself up to me: heat, geysers,
hundreds of thousands of flamingos, the characteristic pungent smell of the
soda lake, the soapy water, and an incredibly vast amount of the
cyanoprokaryote Arthrospira. This switched a button in me and I decided
on the spot to focus on these astonishing systems. I am quite sure that I share
this experience with the authors of this book.

It is a privilege to work in systems where tourists spend their holidays, and
we scientists are often envied for our workplaces. Of course, unforgettable
moments are inseparably linked to such sites, but we also face a wide range
of challenges and hardships. Very basic accommodations, heat, wild and
dangerous animals, bad roads with terrible traffic, and frequent power cuts
impede the exhausting field work. Not to mention getting our equipment and
instruments from our home universities to their deployment sites. These
hurdles are part of the game, but they are far outweighed by the highly
interesting systems and their organisms, by the incredible scenery, and by
new friendships. I hope that the contributions of this book prompt the spark to
leap over to you readers.

Without my colleagues, all of them renowned authorities in their fields,
such a book would have never been possible. I am deeply indebted to them
for their patience, for sharing knowledge and investing their valuable time in
this book project, and for finding a way to deal with my many inquiries and
special requests. I am greatly obliged to many reviewers, who helped further
shape the contributions. They are (in alphabetical order): Janine Adams,
Bertram Boehrer, Jens Boenigk, Margaret Brock, Paul Antony Chakkiath,
Gudrun De Boeck, Pawan K Dadheech, Jenny A Day, Genoveva F. Esteban,
Bland J. Finlay, Franz Jirsa, Thomas C Johnson, Elizabeth Kebede
Westhead, Noha M. Mesbah, Paul Oberholster, Eric Odada, Aharon Oren,
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Judit Padisak, Friedrich Schiemer, Manfred Strecker, Petra Sumasgutner,
Dirk Verschuren Johann Waringer, and 4 anonymous reviewers. Ulrike
Stricker-Komba and Stephan Klapp (both Springer publishing house) took
very personal care of the book project, my daughter Hannah provided some
beautiful graphs, Barbara Miéhnert checked for typing errors, edited hundreds
of references, and compiled the indices, and Michael Stachowitsch
completed the “production chain” with professional copy-editing.

As common for scientific publications, the authors and reviewers provided
their knowledge and time for free. The royalties of the editor are being fully
donated for Africa projects to MSF Medecins Sans Frontieres (Arzte ohne
Grenzen), who daily risk their lives helping others. Although travels to
remote areas are always linked to risks, our families allowed us to pursue
our vocations. They enabled us to live our dreams and, therefore, I dedicate
this book to the families of all authors. May this book, like all wonderful
ecosystems, be much more than the sum of its parts.

December 2015 Michael Schagerl

Preface
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Challenges. (a) corruption; (b) long discussions with ethnic groups for sampling permission; (c) electrical connections
and power failures; (d) sometimes local food; (e, f) dangerous animals; (g) bad roads and quicksand; (h) very basic
accommodations
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Unforgettable moments. (a, b) stunning landscapes; (¢, d, e) dipping into other cultures; (f, g) hospitality; (h)
friendship; (i) Buna (Ethiopian coffee) in a street stall during a sampling trip and (j) Tusker baridi (cold beer) after a
long and hard field trip



Part I Genesis, Physics and Chemistry

1 Dipping into the Soda Lakes of East Africa..............
Michael Schagerl and Robin W. Renaut

2 Genesis of the East African Rift System.................
Giday WoldeGabriel, Daniel Olago, Edwin Dindi,
and Mike Owor

3 Morphometry and Physical Processes of East African Soda

John M. Melack and Sally MacIntyre

4  Geochemistry of African SodaLakes...................
Daniel M. Deocampo and Robin W. Renaut

Part I Organisms and Their Interactions

5 Bacteria, Archaea and Viruses of Soda Lakes. .. .........
William D. Grant and Brian E. Jones

6  Tiny and Tough: Microphytes of East African Soda Lakes. . .
Lothar Krienitz and Michael Schagerl

7  The Protozoa of Soda Lakes in East Africa. .............
Andrew W. Yasindi and William D. Taylor

8 Invertebrates of East African Soda Lakes. . . ............
Seyoum Mengistou

9  Fish Populations in East African Saline Lakes. ...........
Geraldine D. Kavembe, Axel Meyer, and Chris M. Wood

10 Lesser Flamingo as a Central Element of the East African
Avifauna. .. ... ... ... . e
Lothar Krienitz, Barbara Mihnert, and Michael Schagerl

11 Vascular Plants in Eastern Africa Rift Valley Saline
Wetlands. . . ........ ... ... .
Julius Kipkemboi

25

61

77

97

149

179



12 The Ecology of African Soda Lakes: Driven by Variable
and Extreme Conditions. . . .........................
Michael Schagerl and Alfred Burian

Part III  Utilization, Threats and Conservation

13 An Underexplored Resource for Biotechnology: Selected
Microphytes of East African Soda Lakes
and Adjacent Waters. . ............. ... ... .........
Lothar Krienitz, Christina Bock, Pawan K. Dadheech,
Kiplagat Kotut, Wei Luo, and Michael Schagerl

14 Conservation and Management of East Africa’s
SodaLakes............ ... ... . . . . ..
David M. Harper, Emma Tebbs, Olivia Bell,
and Victoria J. Robinson

15 Soda Lakes of the East African Rift System: The Past,
the Present and the Future. . .. ... ................ ...
Steve Omondi Oduor and Kiplagat Kotut

Appendix: Lakes of the East African Rift System.............
Taxonomy Index. . . ...... ... ... ... ... ... ...

Subject Index. . .. ... ... ... ...

Contents



Bock, Christina (1), Department of Biodiversity, University of Duisburg-
Essen, Universititsstrae 5, 45141 Essen, Germany, E-Mail: christina.
bock@uni-due.de

Bell, Olivia (2), Department of Biology, University of Leicester, Leicester
LE1 7RH, UK, E-Mail: olivia-b@hotmail.co.uk

Burian, Alfred (3), Department of Ecology, Environment and Plant
Sciences, Stockholm University, 106 91 Stockholm, Sweden, E-Mail:
flinserl@hotmail.com

Dadheech, Pawan K. (4), Department of Microbiology, Central University
of Rajasthan, NH 8, Bandar Sindri, 305817 Ajmer, Rajasthan, India, E-Mail:
pdadheech@curaj.ac.in

Deocampo, Dan M. (5), Department of Geosciences, Georgia State University,
33 Gilmer Street SE, Atlanta, Georgia, USA, E-Mail: deocampo@ gsu.edu

Dindi, Edwin (6), Department of Geology, University of Nairobi, Chiromo
Campus, Riverside Drive, PO Box 30197-00100, Nairobi, Kenya, Africa,
E-Mail: eedindi@yahoo.com

Grant, William D. (7), Department of Infection, Immunity and Inflammation,
University of Leicester, Leicester LE1 9HN, UK, E-Mail: wdgl@]Ieicester.ac.uk

Harper, David M. (8), Emeritus Professor in Limnology, University of
Leicester, LE1 7RH, UK; Director Aquatic Ecosystem Services Ltd (UK);
Affiliated Researcher, Department of Zoology, National Museums of Kenya,
Nairobi, Kenya, E-Mail: dmh@]le.ac.uk

Jones, Brian E. (9), formerly: DuPont Industrial Biosciences/Genencor Interna-
tional BV, Leiden 2333CN, The Netherlands, E-Mail: bejones1948@ gmail.com

Kavembe, Geraldine D. (10), Department of Biology, South Eastern
Kenya University, PO Box 170-90200 Kitui, Kenya, Africa, E-Mail:
dkavembe@seku.ac.ke

Kipkemboi, Julius (11), Department of Biological Sciences, Egerton University,
PO Box 536-20115, Egerton, Kenya, Africa, E-Mail: jkipkemboi@egerton.ac.ke

Xi



Xii

Kotut, Kiplagat (12), Department of Biological Sciences, Embu University
College, PO Box 6-60100, Embu, Kenya, Africa, E-Mail: kkotut@ gmail.com

Krienitz, Lothar (13), Department of Experimental Limnology, Leibniz-
Institute of Freshwater Ecology and Inland Fisheries, D-16775 Stechlin,
Germany, E-Mail: krie@igb-berlin.de

Luo, Wei (14), SOA Key Laboratory for Polar Science, Polar Research
Institute of China, Shanghai 200136, China, E-Mail: luowei@pric.org.cn

Maclntyre, Sally (15), Department of Ecology, Evolution, and Marine
Biology, University of California at Santa Barbara, Santa Barbara, CA
93106, USA, E-Mail: sally@eri.ucsb.edu

Mabhnert, Barbara (16), Department of Limnology and Bio-Oceanography,
University of Vienna, Althanstrasse 14, A-1090 Vienna, Austria, E-Mail:
barbaral 990@ gmx.at

Melack, John M. (17), Department of Ecology, Evolution and Marine
Biology, University of California at Santa Barbara, Santa Barbara, CA
93106, USA

Bren School of Environmental Science and Management, University of
California at Santa Barbara, Santa Barbara, CA 93106, USA, E-Mail: john.
melack@lifesci.ucsb.edu

Mengistou, Seyoum (18), Department of Zoological Sciences, Fisheries and
Aquatic Sciences Stream, College of Natural Sciences, Addis Ababa Univer-
sity, King George VI St, Addis Ababa 1000, Ethiopia, Africa, E-Mail:
seyoumeng(@ gmail.com

Meyer, Axel (19), Department of Biology, University of Konstanz, Universi-
tatsstrasse 10, 78457 Konstanz, Germany, E-Mail: axel.meyer@uni-
konstanz.de

Oduor, Steve Omondi (20), Department of Biological Sciences, Egerton
University, PO Box 536-20115, Egerton, Kenya, Africa, E-Mail:
oduorsomondi@yahoo.co.uk

Olago, Daniel (21), Institute for Climate Change and Adaptation and Depart-
ment of Geology, University of Nairobi, Chiromo Campus, Riverside Drive,
PO Box 30197-00100, Nairobi, Kenya, Africa, E-Mail: dolago@uonbi.ac.ke

Owor, Michael (22), Department of Geology and Petroleum Studies,
Makerere University, PO Box 7062, Kampala, Uganda, Africa, E-Mail:
mmowor@yahoo.com

Renaut, Robin W. (23), Department of Geological Sciences, University of
Saskatchewan, 114 Science Place, Saskatoon, SK S7N 5E2, Canada, E-Mail:
robin.renaut@usask.ca

Robinson, Victoria J. (24), Department of Biology, University of Leicester,
Leicester LE1 7RH, UK, E-Mail: vjr7@le.ac.uk

List of Contributors



List of Contributors

xiii

Schagerl, Michael (25), Department of Limnology and Bio-Oceanography,
University of Vienna, Althanstrasse 14, A-1090 Vienna, Austria, E-Mail:
michael.schagerl@univie.ac.at

Taylor, William D. (26), Department of Biology and Department of Earth
and Environmental Sciences, University of Waterloo, Waterloo, Ontario,
N2L 3Gl1, Canada, E-Mail: wdtaylor@uwaterloo.ca

Tebbs, Emma (27), Department of Geography, King’s College London,
Strand Campus, London WC2R 2LS, UK, E-Mail: emma.tebbs@ gmail.com

WoldeGabriel, Giday (28), EES-14/MS D462, Earth Environmental
Sciences Division, Los Alamos National Laboratory, Los Alamos, NM
87545, USA, E-Mail: wgiday@lanl.gov

Wood, Chris M. (29), Department of Zoology, University of British Columbia,
Vancouver, BC, CanadaV6T 174, E-Mail: woodcm@zoology.ubc.ca

Yasindi, Andrew W. (30), Department of Biological Science, Egerton
University, PO Box 536-20115, Kenya, Africa, E-Mail: ayasindi@yahoo.
com



List of Contributors

Xiv




Part |

Genesis, Physics and Chemistry

How are saline lakes formed and how can they be delimited from freshwater
lakes? The following chapters provide general information about the special
features of salt lakes. Although the term ‘saline lake’ suggests a high and
narrow salinity range and uniform ion composition, salt lakes are diverse in
both chemistry and biology. We provide classification systems of saline lakes
with a special focus on saline alkaline or ‘soda’ lakes. Their genesis and
chemistry are highly linked to tectonic forces and volcanic bedrocks. The
East African soda lakes are young systems, some of them showing major
fluctuations in water level. These so-called amplifier lakes act as sentinels of
climate change. The topography and lake morphology determine the mixing
regime and influence the turbidity, which in turn help determine water
chemistry and set the conditions for both the fauna and flora. Soda lake
chemistry is complex, with sodium and carbonate species being prevalent,
making them interesting for soda-ash mining and other exploitations.




Michael Schagerl and Robin W. Renaut

M. Schagerl (P<)

Department of Limnology and Bio-Oceanography,
University of Vienna, Althanstrasse 14, 1090 Vienna,

Abstract

Saline alkaline lakes are the focus of this book, but how do they form and
how do they differ from freshwater lakes? We provide a brief introduction
to soda lakes, their origin and their inhabitants, many of which are
extremophiles. These closed lakes are highly sensitive ecosystems, and
many experience the impacts of climate change. Some saline alkaline
lakes provide economic resources, for both tourism (‘flamingo lakes’) and
industry. A few lakes have long been commercially exploited but are
ecologically damaged; others are threatened because of their potential
mineral resources and changing land use in their drainage basins, includ-
ing siltation and pollution from both agricultural and industrial sources.
These unusual ecosystems must be protected (1) because they are ‘hot
spots’ of haloalkaliphiles and rich genetic pools that might soon be tapped
for biotechnological applications, and (2) for their exceptional natural
environments, threatened increasingly by anthropogenic intervention.
These environments must be preserved for future generations.

1.1 Genesis, Occurrence
and Definition of Saline Lakes

Most inland saline lakes lie in semiarid regions in
hydrologically closed, or almost closed, basins
that lack lake outflow through rivers or signifi-
cant water loss by subsurface groundwater dis-
charge. In such endorheic basins, where annual

Austria

e-mail: michael.schagerl@univie.ac.at water loss by evaporation and evapotranspiration
R.W. Renaut commonly exceeds the annual inflow from pre-
Department of Geological Sciences, University of cipitation, rivers and groundwater, the lake
Saskatchewan, 114 Science Place, Saskatoon, SK S7N waters become saline (Fig. 1.1). Such closed
5E2, Canada

e-mail: robin.renaut@usask.ca

lakes vary frequently in level, salinity and
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Fig. 1.1 Open (reservoir, flow-through) lakes versus
closed (endorheic) lakes. (a) Open lakes receive water
from rivers, underground springs and precipitation
(blue). The water exits via seepage, evaporation and
outflows (red). (b) Closed lakes receive water from rivers;

hydrochemistry in response to climate changes
over timescales ranging from years to decades to
millennia and longer (Deocampo and Jones
2014; Eugster and Hardie 1978; Renaut and
Gierlowski-Kordesch  2010; Rosen 1994).
Tectonics, including fault movements and
basin-floor subsidence, and related volcanic and
geothermal activity also contribute to the evolu-
tion of many saline lakes, especially those in East
Africa and the western interior regions of North
America.

Saline lakes are common and are found world-
wide. The estimated total volume of saline lakes
(104 x 10° km3) is comparable to that of fresh-
water lakes (124 x 10° km’; Dodds and Whiles
2010). The salt content of oceans is nowadays
expressed as ‘practical salinity units’ (PSU)
(Fofonoff 1985); formerly, salinity also was
used. The PSU parameter was introduced because
accurate measuring devices for conductivity
became available. PSU is a unit to determine
the salt content from conductivity measurements.
Salinity was originally ‘conceived as a measure
of the mass of dissolved salts in a given mass of
solution’ (APHA 1995, pp. 2-48), which implies
that salinity is a unitless parameter. In limnology,
salinity is usually given in parts per thousand
(ppt) or %o, and in older literature in g L'
(gram of salt per litre of water). For better read-
ability, we have retained %o in this volume. Early
measurements until the nineteenth century were
done gravimetrically, but this method has
disadvantages (loss of volatile compounds,

some of these are enriched in salts due to the underground
and springs (salty). Closed lakes also have less rain.
The main way for water to exit is via evaporation—
‘distilled water’ is evaporating; the salts remain trapped
in the lake

additional dissolved compounds other than
salts). Later on, titrimetry and densitometry
were applied; today, conductivity meters are
common to determine salinity because they are
robust, sensitive and easy to handle. Conductivity
is a non-specific measure of the total ion content
of solutions and is usually given in pS cm '
for freshwaters and mS cm™' for saline
waters. The earlier units of conductivity were
pmhos cm~' or mmhos cm ™' and are found in
older literature (‘mho’ is the reverse writing of
the resistance unit ‘ohm’, because conductivity
= resistance '). A conversion factor based on
field data to convert conductivity values to salin-
ity for the East African saline alkaline lakes
(EASL) is given in the Appendix.

How are freshwaters distinguished from
saline waters? Of the many different classifica-
tion systems, we follow that of Hammer (1986),
who defined fresh lake waters as having a salinity
< 0.5%0 and saline lakes as those with salinities
> 3.0%o (Fig. 1.2). The range from 0.5 to 3.0%o,
termed subsaline, is a transitional zone in which
both freshwater organisms and halophiles can
coexist. The term ‘saline’ may give the wrong
impression of a narrow salinity range and ion
composition comparable to that of sea water
(the average global salinity of oceans is about
35.5%0), but it covers a wide range of
salt concentrations and also various composi-
tional types (Figs. 1.2 and 1.3; Eugster and
Jones 1979; Smoot and Lowenstein 1991).
Sodium (Na*) is the dominant cation in most
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Fig. 1.2 Classification of lakes according to their salinity = Mesbah and Wiegel (2011), and Oren (2006). Diatoms
ranges (Hammer 1986) versus classification of organisms  according to Carpelan (1978). Animals according to
inhabiting saline lakes. Microbes—data combined from  Williams (1978). Conversion factor 1 M NaCl to
Banciu and Sorokin (2013), Madigan et al. (2011), salinity = 58.5%o
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Fig. 1.3 Lake comparisons. (a) Salinity ranges of freshwater, oceans and saline lakes; the circle areas correspond to
salinity levels on a relative basis. (b) Lakes classified according to their chemical composition, basis meq L™



saline lakes, but for the anion composition, three
main types are distinguished: carbonate (HCO; ™/
CO5>"), sulfate (SO,°7) and chloride (CI")
systems (Fig. 1.3b). The combination of Na*
and carbonates results in alkaline conditions,
and such systems are therefore termed ‘soda
lakes’. The focus of this book is on this lake type.

Saline alkaline lakes—‘soda lakes’—have
saline waters in which Na* and carbonate species
(HCO;~, CO;%7) are the dominant ions and a pH
that is typically > 9. Soda lake waters also com-
monly have high concentrations of CI™ and fluo-
ride (F7) ions and aqueous silica, and variable
concentrations of SO427 and potassium (K*), but
they have very low concentrations of alkaline
earths (Ca®*, Mg®"; Fig. 1.3b). Soda lakes are
present worldwide (Garrett 1992; Grant 2004;
Hammer 1986; Pecoraino et al. 2015), but are
especially common in regions with volcanic bed-
rock, including the eastern branch of the East Afri-
can Rift and several lake basins of the western
interior of North America (e.g. Mono Lake, Searles
Lake and Owens Lake in California, Goodenough
Lake and Last Chance Lake in British Columbia).
Soda lakes are also present in Europe, Australia,
South America, China and elsewhere.

The EASL, which include many lakes in
Ethiopia, Kenya and Tanzania (see Appendix),
are the most spectacular soda lakes in the world,
but most of them lack adequate protection (see
Chap. 14). The EASL include playa lakes fed by
ephemeral run-off and groundwater that occa-
sionally evaporate to become dry mudflats
encrusted with efflorescent trona and halite
(Fig. 1.4a); perennial saline lakes fed by run-off
and springs, some of which become stratified and
meromictic (Figs. 1.4b, ¢); perennial saline lakes
that rely on hydrothermal recharge to retain sur-
face water in most years (Fig. 1.4d); sheltered
crater lakes that typically lie in small drainage
basins in dormant or extinct volcanic cones or
calderas (Fig. 1.4e, g, h); and saline pans fed
mainly by hot springs that discharge saline
alkaline waters either along permeable lake-
marginal faults or directly from faults or
fractures along their lake floors (Fig. 1.4f).

In contrast, some lakes in the same geographic
regions have fresh or only mildly saline and

M. Schagerl and R.W. Renaut

alkaline waters. For example, Lake Baringo in
Kenya, a shallow dilute lake with freshwaters
(Tarits et al. 2006), supports Cyanobacteria,
algae, sponges, fish, hippopotamus and
crocodiles (Odada et al. 2006; Schagerl and
Oduor 2003), but it lies only ~25 km north of
Lake Bogoria, a saline alkaline lake that
precipitated sodium carbonate salts
and magadiite [NaSi;O;3(OH);-4H,0] during
the last few thousand years, and frequently
supports Arthrospira blooms that feed more
than a million flamingos (Harper et al. 2003;
Kaggwa et al. 2013; Oduor and Schagerl 2007;
Renaut and Tiercelin 1993; Tebbs et al. 2013;
Tiercelin and Vincens 1987; Figs. 1.5a, ¢). The
climatic setting for both lakes is almost identical,
but local geological and hydrological conditions
determine their very different ecology. Evidence
from modern lakes in East Africa shows that
saline lakes and fresh lakes often coexist in
almost the same place at the same time under
the same climatic regime. In the geological
record, therefore, the appearance of sedimentary,
mineralogical and paleontological indicators of
soda lakes need not always imply an increase in
regional aridity.

Paleaolimnologial records obtained from sed-
iment cores and local rock outcrops from many
modern EASL confirm that most had deeper
fresher precursors (Figs. 1.6b, e, f), especially
during the end Pleistocene—early Holocene ‘ Afri-
can Humid Period’” (Bard 2013; de Menocal
et al. 2000). In contrast, some dilute lakes in the
East African Rift had more saline precursors
during the Quaternary.

Saline alkaline lakes are dynamic from both
geological and biological perspectives. This was
clearly shown between 2011 and 2015, when
many soda lakes in Kenya attained their highest
levels in more than 50 years (Figs. 1.7b, d), some
exceeding historical high levels in 1961 (Conway
2002; Lamb 1966) and the early 1900s (Johnston
1902). This timing implies a possible, but
untested, 50-60-year cycle of unusually wet
intervals in East Africa. For example, hippos
and crocodiles temporarily moved into Lake
Bogoria in 2013-2014 (W. Kimosop, personal
communication), and the several hundred
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Fig. 1.4 The different types of soda lakes in East Africa.
(a) Southern end of Lake Elmentaita, Kenya, July 2008.
Volcanic ash cones in distance. Lake Elmentaita is a
‘playa lake’ that periodically evaporates to leave a thin
(<2 cm) crust of efflorescent sodium-carbonate salts
(trona, thermonatrite and minor halite) upon lake clays
(mainly smectite) that also contain detrital feldspar and
calcite. Lake Elmentaita is partly fed by warm springs.
(b) Lake Bogoria, Kenya. Photograph taken in July 2013
along the SE shoreline, with the Bogoria Escarpment
(a major fault-scarp) to the east. This saline alkaline lake is
perennial with contributions from runoff, ~200 shoreline hot
springs and sublacustrine hot-spring discharge. The lake is
normally stratified, but may not be fully meromictic (DeCort
et al. 2013). (c) Alkaline hot springs discharging into peren-
nial Lake Shala in the Main Ethiopian Rift (January 2014).

Lake Shala occupies a volcanic crater up to 260 m deep.
(d) Southern end of Nasikie Engida, Kenya, during July
2011. This alkaline lake, fed mainly by hot springs near its
northern shoreline, precipitates trona and nahcolite at its
southern end, but fish (Alcolapia) inhabit the northern lake
water. (e) Lesser Flamingos in ‘Lake Magadi’ in the steep-
sided volcanic Ngorongoro caldera, northern Tanzania.
(f) The saline pan of Lake Magadi, southern Kenya Rift,
July 2009. The trona salt crust, precipitated from hypersaline
alkaline brines, is broken by metre-scale polygons linked to
lateral pressures from salt crystallization. Saturated sodium-
carbonate brines lie a few decimetres below the salt crust
surface. (g) The small crater lake Chitu is one of the few
spots, where flocks of flamingos can be viewed in Ethiopia.
(h) Lake Arenguade (Ethiopia) on the rim of the Ethiopian
Rift Valley experiences substancial changes in salinity
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Fig. 1.5 The biology of East African soda lakes.
(a) Arthrospira fusiformis forming littoral scums along
the southern shoreline of Lake Bogoria (northeastern
Ng’wasis), Kenya, July 2009. In places the green surficial
scums of Cyanobacteria are more than 5 cm thick.
(b) Archaea in the East Lagoon of Lake Magadi, Kenya,
July 2009. Photograph also shows recent trona crusts and
a paleoshoreline (+13 m = ~613 m elevation) of the late
Pleistocene—early Holocene High Magadi Beds. The High
Magadi paleoshoreline there is thinly coated with calcite
stromatolites. During that period, fish lived in the higher,

thousand flamingos present in July 2014
(Fig. 1.5c) had left by July 2015, when only a
few thousand were present. Some EASL also dry
out from time to time; examples include Nakuru
and Amboseli in Kenya and Eyasi in Tanzania
(Figs. 1.7a, c). This can sometimes be inferred
from their local names: Nakuru, for example, is
derived from the Maasai word ‘Nakurro’, which

==

trona and halite

fresher paleolake. (¢) Lesser Flamingos (Phoenicopterus
minor) along the northern shoreline of Lake Bogoria in
July 2013 after the lake had been diluted by heavy rains
and lake level had risen by more than a metre since 2011;
the enhanced microbial productivity was sufficient
to support several hundred thousand flamingos.
(d) Alcolapia sp. with a concentric fish nest in feldspathic
sands and silts, East Lagoon, Lake Magadi, July 2009.
(e) Mass occurrence of Ephydridae at Lake Bogoria.
(f) The large ciliate Linostoma (Heterotrichida) ingested
some Arthrospira filaments

means ‘a dusty place’ (S. Oduor, personal
communication).

Many saline lakes respond to minor changes
in climate and have large fluctuations in their
levels. Some have been termed ‘amplifier lakes’
(Street 1980). Examples of amplifier lakes in the
East African Rift include Lake Nakuru in Kenya
and Lake Abbe in Ethiopia (Trauth et al. 2010).
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Fig. 1.6 Witnesses of precursor lakes. (a) Early Holo-
cene diatomaceous silts (Galana Boi Formation) near
Koobi Fora, Lake Turkana. (b) The High Magadi Beds
(late Pleistocene—early Holocene) in the dry lagoon, 1 km
south of Lake Magadi. Green lake muds with fish bones
are overlain by waterlain volcanic ash. (¢) Holocene cal-
cite stromatolites coating bedrock at Ng’wasis, Lake
Bogoria, that record a mid-Holocene phase of fresh,

Similar to glaciers, such lakes can sometimes be
viewed as climate sentinels.

1.2  Geological Setting of the Soda

Lakes in East Africa

Most EASL lie in the eastern arm of the two
branches that form the East African Rift
(Fig. 1.8). That arm of the Afro-Arabian Rift

10 pm

Ca-bearing lake water. (d) Former late Pleistocene high-
level (985 m) shoreline (arrow) of Lake Baringo com-
posed of sand and mollusc shells (inset photograph).
Paleoshoreline is located near Logumukum, southeast of
the lake. (e) Diatomite is mined at Kariandusi near Gilgil
in the Elmentaita area (Kenya). (f) Microphoto of diato-
mite showing freshwater species

System has its northeastern focus in the Afar
Depression, a plate triple junction in Ethiopia
where three separate rifts diverge (Morley
1999; Wolfenden et al. 2004). The first branch
extends northwards to form the Red Sea, where
new oceanic crust is forming by seafloor spread-
ing along its axis. A second branch, also with
active extension, forms the Gulf of Aden Ridge.
The third rift branch, the East African Rift sys-
tem, extends southwards more than 4000 km
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Fig. 1.7 Lake level changes. (a) Dried Lake Amboseli
(Kenya; 2004). (b) Increased lake levels of Nakuru
flooding buildings at the entrance of the Nakuru National

from Afar towards Mozambique and Botswana
but has two separate limbs—an eastern limb in
Djibouti, Eritrea, Ethiopia, Kenya and Tanzania,
where it splays outwards, and a western limb that
extends from Uganda into western Tanzania,
Rwanda, Burundi, eastern Zambia, Malawi,
Mozambique and Botswana (Fig. 1.8).

At the largest scale, the East African Rift is
associated with two large (~1000 km diameter)
lithospheric domes or elevated plateaus, linked to
underlying mantle plumes, termed the Afar Pla-
teau (mean elevation, ~1500 m) and the East
African Plateau (mean elevation, ~1200 m).
The East African Plateau includes smaller
domal uplifts termed the Kivu Dome and Kenya
Dome, respectively (Morley et al. 1999). The
orientation and geological evolution of both
rift branches have been strongly influenced
by rigid cold Archaean cratonic basement
rocks, particularly the Tanzanian and Zambian
Cratons, and tectonic lineaments of several ages
in older rocks. Both rift branches have developed
in the younger, less rigid, orogenic belts that

Park (2014). (c) Dried Lake Eyasi (Tanzania; 2010) and
(d) flooding of Lake Elmentaita (2010)

surround the ancient Tanzanian Craton (Daly
et al. 1989).

On a smaller scale, the overall architecture of
the East African Rift that contains the modern
soda lakes is one of a linear series of faulted
depressions, each typically 40-70 km wide.
Most fault troughs are half-grabens that have a
high-angle boundary (border) fault with a large
(km-scale) displacement on one side and an
opposing faulted flexural margin without a single
dominant fault scarp. The orientations of these
half-grabens (i.e. which side has the border fault)
commonly alternate, en echelon, along the pre-
dominant N-S rift axes that veer eastwards in
Ethiopia. Full grabens, where two opposing
faults have similar vertical displacements and
morphology, are rare. The axial rift troughs
are compartmentalised into many sectors,
60-100 km long, some separated by transverse
structural highs termed transfer faults or accom-
modation zones (Morley et al. 1990; Rosendahl
1987). In Kenya and Tanzania, many of these
transverse structures have NW-SE orientations
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Fig. 1.8 Geological setting of the East African Rift, adapted from Tiercelin and Lezzar (2002)

that reflect the inherited influence of older, deep
tectonic lineaments in the shallow crust (e.g. at
Lake Baringo). The overall extension of the
divergent East African Rift and morphological
details of many lake basins have been controlled
by these older tectonic structures and lineaments
(Chorowicz 2005; Le Turdu et al. 1995; Tiercelin
and Lezzar 2002).

The eastern and western branches of the rift
are very different in character (Ring 2014),
which is reflected in contrasting types of lakes.
Volcanic rocks of Oligocene to Recent age, some
extending beyond the modern rift margins,
shallow lake basins (mainly soda lakes) and a
semiarid climate characterise the eastern
branch. Local evidence for older Palaeogene rift
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activity and volcanism is present in northern
Kenya and Ethiopia (Hendrie et al. 1994;
McGregor 2015). Many Quaternary to recent
central volcanoes lie along the floor of the east-
ern branch of the rift (Abbate et al. 2015; Dawson
2008; Dunkley et al. 1993; MacDonald 2003).
These volcanic centres, with dykes intruded
along the rift axes, provide heat for most of the
high-temperature geothermal systems along
the eastern branch of the East African Rift.
Volcanoes and lava flows, many of which have
been faulted, also provide topographic closure
for many rift lakes bordered by deep-seated mar-
ginal faults.

The western branch of the rift system, though
seismically active, has experienced Neogene vol-
canism in only four regions: Rungwe, southern
Kivu, Virunga and Toro-Ankole. The bedrock in
the western branch consists mainly of Precam-
brian basement rocks composed of Archaean
cratonic nuclei welded by Paleoproterozoic to
early Palaeozoic orogenic belts. Large, very
deep, fresh lakes (e.g. Lake Tanganyika > 1400
m and Lake Malawi > 700 m) occupy much of
the western branch, reflecting the higher rainfall
and the lack of infilling by volcanic rocks and
sediments, both during and after rifting (Yuretich
1982).

Older Permo-Triassic (Karoo age), Jurassic—
Cretaceous and Palaeogene rift systems
(paleorifts) have also influenced the location
and orientation of the Tertiary East African Rift
and locations of accommodation zones. Some
Mesozoic rift structures were reactivated during
Neogene rifting. The location of several of the
Quaternary volcanic centres and modern hydro-
thermal activity have been strongly influenced by
the intersection of the generally N-S Tertiary
rifts  (except [Ethiopia) with some of
these paleorifts and older, deeply rooted Precam-
brian basement structures (including major
NW-SE shear zones) (Chorowicz 2005). The
locations and development of many modern
soda lakes in East Africa are related to long,
sometimes complex, geological histories involv-
ing both tectonics and volcanism.
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1.3 Importance of Volcanism,
Tectonics and Geothermal

Activity in East Africa

The faulted volcanic terrains that surround most
EASL play a vital role in their hydrochemistry
and evolution. Although saline alkaline lakes
exist in nonvolcanic terrains, most EASL and
many soda lakes elsewhere lie in drainage basins
where volcanic rocks dominate the local land-
scape. Others are present where volcanic rocks
underlie the lake basins at shallow depth (e.g. the
Cariboo Plateau in British Columbia: Cummings
1940; Renaut 1990).

Neogene and Quaternary basalt, trachyte,
phonolite and related volcanic rocks and their
tephra (ash, tuffs) are widespread along most of
the eastern branch of the East African Rift
(Fig. 1.9a, b). Chemical weathering of these
volcanic rocks provides most of the solutes
(ions and dissolved species) that flow into closed,
endorheic lake basins on the Rift Valley floors.
The dominant weathering process is silicate
hydrolysis, during which feldspars (K-feldspar
and plagioclase), volcanic glass, pyroxenes,
amphiboles and other silicate minerals react
with water charged with CO, as carbonic acid
(H,CO3). Rains falling across the region are neu-
tral to mildly acidic, but much of the acidity that
chemically corrodes the silicate minerals in the
bedrock originates in soils where organic acids
released from organic matter decay intensify
chemical weathering processes (Deocampo and
Jones 2014; Chap. 4; Eugster and Hardie 1978).

Silicate hydrolysis reactions commonly
produce new minerals on site, especially clay
minerals or zeolites, with compositions that
vary with weathering intensity. Iron-bearing
minerals in parent rocks are oxidised, producing
ferric oxyhydroxides that give soils in many lake
catchments a reddish colour, especially in the
higher wetter parts of many drainage basins.
Ions produced during silicate weathering,
including Na*, K*, Ca®* and Mg>* and SiO,
(as monosilicic acid: H4Si0,), dissolve in dilute
surface waters (rivers and unchannelled flow),
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Fig. 1.9 Impacts of volcanism on soda lake develop-
ment. (a) Faulted trachyte flows (Pleistocene Magadi
trachyte) at Nasikie Engida, a soda lake north of Lake
Magadi, Kenya. (b) Bedded volcanic tephra, Hell’s Gate
National Park, Kenya. (¢) Lake Logipi, northern Suguta

and some percolate downwards to the water table
and groundwater through permeable faulted
rocks and sediments. The carbonic acid
(H,CO3) that is consumed during silicate
weathering results in more alkaline solutions
because bicarbonate ions (HCO3 ™) are released.
The CI™ ions in the soda lakes originate mainly
from rainfall and dissolved older salts, and much
of the SO,>~ derives from oxidation of sulfide
minerals (e.g. pyrite) in the parent rocks or
derives from volcanogenic sources. Local geol-
ogy commonly controls the anion compositions
of the soda lakes.

Solutes acquired from rainfall and chemical
weathering move lakewards as run-off and
groundwater, but many chemical and biochemi-
cal processes can modify the composition of
the waters that flow into the lakes. These include
the loss of most calcium and magnesium, which
precipitate as minerals (calcite, aragonite,
dolomite) in the drainage basin or in the lakes

Valley, Kenya, ponded against the Barrier volcanic
complex. (d) Geyser eruption, southern Loburu, Lake
Bogoria, Kenya, in July 2006 when lake level was rela-
tively low

themselves when they are relatively dilute, by
several chemical and biochemical processes
(Deocampo and Jones 2014; Chap. 4; Eugster
and Hardie 1978). The inflow waters, depleted
in Ca®* and Mg”*, then progressively evaporate
to produce saline alkaline lake waters rich in Na™
and bicarbonate— carbonate (HCO;~, CO5>"),
commonly with high Cl™ concentrations, while
SO4>" is often lost by microbial reduction. The
salinity of those lake waters depends on the local
environmental conditions (e.g. annual recharge
vs. loss by evaporation and evapotranspiration)
that can change through time; some lakes
remain mildly to moderately saline but alkaline;
other lakes evaporate and become hypersaline
and strongly alkaline with a pH >10. A few
hypersaline lakes, most of which are groundwa-
ter fed and lie in regional sumps, precipitate
highly soluble sodium carbonate salts such
as trona [Na3(CO3)(HCO3)-2(H,O)], nahcolite
(NaHCO3) and halite (NaCl) (Fig. 1.4f).
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Another role played by volcanism is physical.
Central volcanoes and lava flows, some erupted
from axial fissures, commonly provide barriers
that contain lakes bounded by rift faults
(Fig. 1.10). The Barrier volcanic complex in
northern Kenya (Fig. 1.9c), for example, ponds
both Lake Turkana to the north and Lake Logipi
to the south (Dunkley et al. 1993). Lakes Natron
and Magadi are separated by extinct central
volcanoes, but both lakes were united several
times during the Pleistocene when the climate
was wetter (Hillaire-Marcel and Casanova
1987). Volcanic ponding of lakes, however, is
not always effective—Lake Baringo and Lake
Naivasha each occupy faulted basins that are
topographically closed by central volcanoes
which form physical barriers, but they are not
hydrologically closed and maintain fresh to
mildly saline waters. Both lakes have long been
thought to leak through underlying permeable
sediments and faulted bedrock, flowing north-
wards and southwards, respectively (Becht
et al. 2006). Saline alkaline lakes also commonly
lie in volcanic craters and calderas in Ethiopia
(e.g. lakes Chitu and Arenguade, Figs. 1.4g, h),
Kenya and Tanzania, including seasonal Lake
Magadi (Tanzania) in Ngorongoro Crater
(Fig. 1.4e, not to be confused with Lake Magadi
in Kenya), fed by springs, groundwater discharge
and local run-off. Lake Katwe, a crater lake in
Uganda in the western rift branch, is also saline
alkaline and precipitates sodium carbonate
evaporites (Kasedde et al. 2014).

The third role of volcanism is its contribution
to geothermal activity along the rift systems.
Many EASL are fed partly by geothermal fluids,
discharged as hot springs or, rarely, as geysers
(Fig. 1.9d). In some lakes, such as Nasikie
Engida and Lake Magadi in southern Kenya,
hot spring fluids provide most of the annual
recharge; in other lake basins, thermal springs
are minor but sometimes important contributors.
In Lake Beseka, Ethiopia, a recent rise in lake
level has been attributed to increased thermal
discharge (Goerner et al. 2009, but see also
below). The very hot (>70 °C) springs have
fluids of mainly Na—HCO3; composition with

M. Schagerl and R.W. Renaut

variable C1™, but some warm springs (<40 °C)
have Na—Ca—-HCOj; waters. Most of these spring
fluids originate from surface waters that have
permeated to different depths along faults and
fractures (Dunkley et al. 1993; Renaut
et al. 2013). Those that have penetrated to great
depths tend to be hotter and richer in CI~ and
Si0,. Those with shallower circulation and
shorter residence time are warm (<45 °C) and
may retain some alkaline earths. The proportion
of thermal fluids flowing into some soda lakes
varies with climatic change, often being highest
during periods of drought when surface run-off is
reduced. Thermal contributions to soda lake
recharge, however, are not independent of cli-
mate change.

1.4  Precursor Lakes
Most of the modern EASL have had more dilute
precursors (Figs. 1.6 and 1.10). During the late
Pleistocene and early-to-mid-Holocene, the
climate was much wetter across East Africa
(de Menocal et al. 2000). Many lakes that
today are saline and lie in hydrologically closed
basins were then open lakes with much fresher
waters that supported different ecosystems
(e.g. Dithnforth et al. 2006; Junginger and Trauth
2013; Olago et al. 2009). About 10,000 years
ago, Lake Magadi, the most hypersaline of the
larger EASL, was an open lake with fish (Tilapia
sp.) and freshwater diatoms and was often united
with an expanded Lake Natron in northern
Tanzania (Eugster 1980; Fig. 1.6b). Lake Nakuru
and Lake Elmentaita in Kenya were then joined
as a single lake with water levels ~ 180 m higher
than today (Olaka et al. 2010). The Ethiopian
lakes too were often interlinked (Benvenuti
et al. 2002; Foerster et al. 2012; Gasse and Street
1978; Grove et al. 1975). The Ethiopian
Ziway—Shala area was covered by a large
lake ~9000 years ago, and Lake Turkana and
paleo-lake Suguta probably had outlets (Garcin
et al. 2009; Junginger and Trauth 2013).

This geologically recent history is important
because of its implications for the biology and
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Fig. 1.10 North—south cross-section of the eastern branch of the East African rift system, with both modern and
precursor lakes in the Holocene (by courtesy of Junginger and Trauth 2013, with modifications)

ecology of the modern soda lakes. Many of the
EASL have not been isolated closed systems for
more than ten thousand years. Each lake basin
has had a unique geological and palaeoclimatic
history; local tectonic, geomorphological and
hydrological controls have occurred under an
overriding climatic control. This should always
be considered when evaluating differences
between individual lake basins and their biology.
This pattern is not a recent trend. Ephemeral soda
lakes were present more than 15 million years
ago as the East African Rift began to develop.
Those earliest soda lakes also responded to local
and regional variations (Renaut et al. 1999).

1.5 Biology of Soda Lakes

Soda lakes are remarkable for their biology and
ecology. Lesser Flamingos (Phoeniconaias
minor Geoffroy Saint-Hilaire; Fig. 1.5¢) and
many other organisms including cichlid fish
(Fig. 1.5d), brine flies (Ephydra spp.; Fig. 1.5¢)
and large ciliates (Fig. 1.5f) depend on these
unusual environmental conditions. Although
often considered ‘extreme’ aquatic environments
because of their exceptionally high alkalinity and
salinity, soda lakes are amongst the most produc-
tive ecosystems on earth (Oduor and Schagerl
2007), with abundant microbial life dominated
by Prokaryotes such as Arthrospira fusiformis
(Voronikhin) Komarek and Lund (Fig. 1.5a)
and Archaea (Fig. 1.5b). Some groups have pro-
ductivity that ranks amongst the highest known.

The high pH and salinity of soda lakes exclude
many organisms, but those adapted to, or tolerant
of, such conditions thrive in an otherwise hostile
environment.

Organisms inhabiting extreme environments
are commonly termed extremophiles and,
depending on their specific environmental
conditions, classification systems have been
developed for organismic groups (Fig. 1.2).
These schemes do not always match because
different requirements are needed according to
the taxonomic groups. Two criteria are met for
organisms thriving in soda lakes that make them
polyextremophiles: because of the alkaline and
saline environment, such organisms are referred
to as haloalkaliphiles. Some haloalkaliphiles that
depend on high sodium concentrations to main-
tain pH homoeostasis are termed natronophiles.
The cyanoprokaryote Arthrospira fusiformis is a
classic example (Schlesinger et al. 1996). Both
stenohaline (restricted to a narrow salinity range)
and euryhaline taxa live in the EASL and cover a
wide salinity range, the latter often occurring at
higher salinity ranges (see Chap. 12).

Organisms thriving in such biotopes have
special adaptations at the molecular level. For
osmoregulation, synthesis of osmoprotectants
(compatible solutes, osmolytes) is often
observed. These are of low molecular weight
and accumulate in high concentrations without
impeding metabolism. Common substances are
glycine betaine, proline and glutamine (Erdmann
and Hagemann 2004; Roberts 2005). A
fascinating example of morphological adaptation
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is the Soda Tilapia Alcolapia grahami
Boulenger. This fish survives extremely high
salinities, which implies constant drinking to
maintain homoeostasis. The high amounts of
ingested alkaline water, however, create two
major challenges, which are a full stomach and
neutralisation of stomach acid. The Soda Tilapia
circumvented these problems with a so-called
pyloric bypass of the gut (Bergman et al. 2003).
This morphological diversion ensures that water
passes around the stomach (for other examples,
see Chap. 12).

Microbial diversity is exceptionally high in
subsaline to mesosaline systems (see Chap. 35,
Lanzén et al. 2013). Saline alkaline and well-
buffered systems provide ideal conditions for
the haloalkaliphilic microbial community
(Sorokin et al. 2014); very high concentrations
of dissolved organic carbon (Jirsa et al. 2013)
also boost microbial life. In contrast, the diver-
sity of Eukaryotes in EASL has long been
assumed to be extremely low compared to
freshwaters and oceans (Vareschi 1987). A
recent study, however, has provided an entirely
different picture with an unexpectedly high
hidden diversity (Luo et al. 2013).

The EASL and adjacent areas attract many
species, some of which are only indirectly linked
to the ecosystems such as scavengers and
insectivores. These lakes are home to an avifauna
that is rich both in individual numbers and biodi-
versity (Harper et al. 2003). Some waterbodies,
informally known as ‘flamingo lakes’, attract
hundreds of thousands of tourists annually from
all over the world to gaze at the pink spectacle
and in turn generate income for the region. In the
EASL, two flamingo species are known, which
are the Greater Flamingo (Phoenicopterus roseus
Pallas) and the Lesser Flamingo, the latter taxon
accounting for around 90 % of the large flamingo
flocks and a flagship species of EASL. The larg-
est population of Lesser Flamingos worldwide
inhabits the chain of EASL; three smaller
populations exist in southern and West Africa
and India (Childress et al. 2008). A population
exchange between the EASL and southern Africa
was recently confirmed (Zaccara et al. 2011), but
it remains unclear how such long distances are
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achieved. Flamingos move from one lake to
another. This may be related to fluctuating food
availability (Kaggwa et al. 2013), but also to
other causes yet to be studied (Brown 1975).
The two flamingo species have different feeding
strategies. The Lesser Flamingo is a primary
consumer that prefers to ingest microphytes
from the lake water surface; the Greater Fla-
mingo is a secondary consumer and feeds mainly
on small invertebrates from the lake sediments
(see Chap. 10).

The temperature variations of EASL, which
lie in a tropical region, are much less pronounced
than those of temperate regions. This affects the
organisms that inhabit the lakes. A typical suc-
cession of communities throughout the year,
comparable to those of temperate systems
(Sommer et al. 2012), is not discernable. Com-
munity shifts are erratic and still not fully under-
stood. Two sets of controlling factors can be
distinguished. Allogenic factors, which are
mainly climate driven, provide an overall frame-
work. These are linked to changing lake water
levels that, in turn, are typically associated with
changes in lake hydrochemistry through either
dilution (high lake levels) or concentration (low
lake levels and evaporation) of solutes. Within
this context, autogenic factors such as competi-
tion, viral infection and grazing further shape the
communities. During periods of low salinity,
freshwater taxa are frequently observed. Under
mesosaline conditions, Arthrospira fusiformis
often dominates and is responsible for the green-
ish, turbid appearance of the lakes. These
blooms, however, are sometimes replaced by
benthic diatoms or nanoplankton. At high salin-
ity, Picocystis salinarum Lewin and other
picoplankton become common (Schagerl and
Oduor 2008; Schagerl et al. 2015; for further
details see Chap. 12).

How are the organisms and trophic levels of
the food web linked to each other? Vareschi
(1987) and other scientists suggested that saline
lakes are ideal systems for modelling because of
their low degree of complexity. About 30 years
ago, Vareschi and Jacobs (1985) presented
energy flows between food web compartments
of Lake Nakuru, Kenya. This model did not
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consider heterotrophic Bacteria, Archaea and
viruses, simply because the major role of these
groups was not yet understood. At about the
same time, the significance of heterotrophic
Prokaryotes for carbon cycling in the marine
environments was recognised by Azam
et al. (1983), who introduced the term ‘microbial
loop’ for recirculation of dissolved organic car-
bon to higher trophic levels of the food web via
its incorporation into Bacteria. A few years later,
the importance of viruses in the oceans was dis-
covered by Fuhrman (1999) and Wilhelm and
Suttle (1999). This so-called ‘viral shunt’ is a
viral-mediated transfer of substances from
organisms to dissolved and nonliving particulate
organic matter. Although we must admit that we
know little about the importance of Bacteria and
Archaea for energy flows in the EASL, we do
know that the microbial community is highly
involved in element cycling in saline lakes
(Sorokin et al. 2014). Moreover, virus-like
particles and Bacteria numbers of EASL are
amongst the highest worldwide (Gruber-
Dorninger 2015), and there is strong evidence
that cyanophage infections of Arthrospira
fusiformis are a major cause for erratic
breakdowns of Arthrospira blooms and that
these trigger flamingo movements (Peduzzi
et al. 2014). If we consider the hidden diversity
of these ecosystems, the food webs of soda lakes
are clearly much more complex than assumed
30 years ago.

Soda Lakes as Economic
Resources and Resulting
Threats to the Lakes

1.6

Evaporation of sodium carbonate brines in East
Africa leads to crystallisation of salts in hypersa-
line lakes. The dominant salt is trona, but
nahcolite (NaHCO;) forms in waters with high
PCO, (e.g. Nasikie Engida, Kenya), and
thermonatrite (Na,CO3-H,O) crystallises when
temperatures are unusually high (Eugster 1980).
Geothermal CO, may also contribute to trona and
nahcolite crystallisation (Earman et al. 2005;
Renaut and Tiercelin 1994) and might explain

17

why most economic soda deposits are present in
volcanic regions. Trona has been mined at Lake
Magadi in southern Kenya since 1911 and more
recently at Lake Abijata in Ethiopia (see below).
The trona, extracted as a partly fluid crystal mush,
is processed to produce soda ash (Na,COs),
which has many commercial applications includ-
ing glass manufacture, chemical industries, dyes,
fertilisers, water treatment, soaps and detergents,
metallurgy and others (Tiercelin 1991;
Fig. 1.11a). At Lake Magadi, halite is also pro-
duced in ponds where the brine has been
evaporated beyond trona saturation (Fig. 1.11b)
for local distribution.

Mining trona for soda ash from ponded
evaporated brine was recently contemplated at
Lake Natron in northern Tanzania (Baker 2011),
which is the primary breeding site of flamingos in
East Africa. As for many other EASL, Lake
Natron is not protected by law, but international
protests and a cost-benefit analysis which showed
that trona mining is commercially not viable
(Kadigi et al. 2014) have prevented the lake
from this worst-case scenario. An instructive
example of ecosystem destruction caused mainly
by soda ash mining is Lake Abijata in Ethiopia
(Getaneh et al. 2015). Water abstraction had
already led to a fall in lake water level; the lake
shrunk dramatically and the former lakeshore
became dusty dry grassland (Alemayehu
et al. 2006). Moreover, the present company
operators (formerly a state-run facility, but now
privately owned) are searching for ways to elimi-
nate Cyanobacteria because their pigments stain
the soda ash, which results in a lower quality. A
channel to Lake Shala, which would provide
more water for Lake Abijata and enable future
soda ash mining, has been discussed, but these
plans have met with strong disapproval by
experts.

Diatomite (fossil diatoms, diatomaceous
earth) is found near Lake Elmentaita, Kenya.
The diatomite layers are witnesses of a former
large freshwater lake from the early-to-mid-
Pleistocene (Bergner et al. 2009; Durkee and
Brown 2014; McCall 1967). The sediments com-
prise layers of freshwater diatoms, which have
been mined since the early 1940s (Figs. 1.6e, f).
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Fig. 1.11 Economic resources and contemporary issues.
(a) The soda ash plant at Lake Magadi (currently Tata
Chemicals Magadi). (b) Halite and trona in evaporating
ponds, Tata Chemicals Magadi. The halite crystallises
from brines concentrated beyond trona saturation by
solar evaporation. (c¢) Oil shales that formed in a middle
Miocene (~12 Ma) soda lake at Kapkiamu in the Tugen
Hills west of Lake Baringo (Member C, Ngorora Forma-
tion). Geological hammer (arrow) for scale. In stratified
saline alkaline lakes, microbial organic matter is pre-
served in the anoxic monimolimnion. That organic matter

Diatomite is used as filtering material for
beverages.

Other minerals that form in the EASL include
zeolites and sodium silicates and chert, but these
have not been developed commercially beyond
local use. Sepiolite (Mg4SigO;5(OH),-6H,0) has

is ‘oil prone’ and, after burial and heating (50-120 °C),
can generate oil. (d) Visitors at Loburu hot springs, Lake
Bogoria, Kenya. These unusual travertine deposits have
been badly damaged by trampling. (e) Concrete diversion
channels at Sandai village northeast of Lake Bogoria,
Kenya. Water diverted for drinking and irrigation has
reduced the natural inflow to the lake. (f) Silts deposited
by channels and sheetfloods north of Lake Magadi,
Kenya. Increased siltation, some related to deforestation
and changing land use to the north, has had an impact on
soda ash production at Lake Magadi

been mined at Amboseli, a Kenyan ephemeral
playa lake near Kilimanjaro, from old alkaline
lake sediments (Williams 1972). Some trace
elements in hyperalkaline brines such as
zirconium (Zr) have unusually high concentrations
(Kerrich et al. 2002) but have not been evaluated.
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When saline alkaline lakes become chemi-
cally stratified or meromictic, microbial organic
matter from plankton has been preserved in
dense anoxic water (monimolimnion) below a
chemocline. That lipid-rich organic matter,
where preserved in fine lake centre muds, can
become a potential oil-prone source rock (type I
and II Kerogen) after burial and thermal matura-
tion, which is rapid in subsiding continental rifts.
Ancient soda lake muds in the East African Rift
might have sourced oil (Fig. 1.11c¢), providing an
ecological dilemma: soda lakes and their related
geothermal inflow fluids are a potential energy
source, but they are also a global ecological
reservoir of biodiversity that cannot be replaced.

Hot spring waters flow into many EASL. The
geothermal energy resource in FEthiopia and
Kenya is immense, so the pressure to replace
imported fuels by developing national geother-
mal sources is very easy to understand. In the
Kenya Rift, geothermal energy is already used at
Olkaria near Hell’s Gate National Park just south
of Lake Naivasha. Tapping deep geothermal
fluids for energy, however, can sometimes
have a major impact at the land surface. In
New Zealand, once pristine geothermal areas
such as Wairakei and Rotorua were damaged by
geothermal power development, which lowered
the local groundwater tables (Barrick 2007). For
some soda lakes, this issue is more critical
because, unlike New Zealand, the EASL lie in a
semiarid environment where rainfall is often
unreliable and the groundwater table is locally
very shallow.

Pollution has already affected several lakes,
and some wildlife has suffered. Natural and
anthropogenic toxins from industrial sources
have been reported, for example, at lakes Nakuru,
Bogoria and Natron (e.g. Ballot et al. 2004;
Bettinetti et al. 2011). Additional pressures have
come from recent changes in land use in the
drainage basins of some of the lakes (Raini
2009). A good example is Lake Beseka
(Ethiopia), which experienced an increase in
water level of 7.6 m and an increase in surface
area from 2.7 km? to around 50 km? during the
past 50 years (Dinka 2012). Comparisons with
meteorological data imply that changes in
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groundwater flow are responsible for this dra-
matic increase (Dinka et al. 2014), which can be
linked to tectonic activity (Goerner et al. 2005),
increased discharge of hot springs (Goerner
et al. 2009) and anthropogenic interferences
such as irrigation (Alemayehu et al. 2006) and
the Koka Dam construction. Moreover, this lake
experienced underwater detonations for seismic
surveys (Klemperer and Cash 2007). The lake
water level rise is not climate driven in this case
(Goerner et al. 2009), so Lake Beseka is not
categorised as an amplifier lake. Underwater
explosions for seismic experiments are also
discussed as one major factor for the strong
decrease of Arthrospira biomass in the Ethiopian
Lake Arenguade (‘Arenguade’ means green in
Ambaric; the name is a hint of the former high
phytoplankton density; Girma et al. 2012;
Fig. 1.4h).

Diversion of inflow waters (from streams and
dilute springs) for drinking water, hotel ‘spa’
pools and irrigation can alter the delicate balance
of some lakes, and such pressures will increase
(Fig. 1.11e). Regional deforestation and changes
in traditional land use practices have often
increased erosion, leading to a higher suspended
sediment load (silt and clay) in streams season-
ally flowing into lakes (Mwaura and Moore
1991). This, in turn, has affected water clarity,
as has run-off from agricultural land where
fertiliser usage has increased, making eutrophi-
cation more likely. Siltation, resulting from soil
erosion near Narok, for example, has recently
affected soda processing at Lake Magadi by low-
ering the purity of extracted salts (Fig. 1.11f).

Some organisms living in the lakes have high
economic potential. Besides the scenery and
wildlife that annually attract hundreds of
thousands of tourists to the EASL, some
microorganisms that inhabit the lakes are of spe-
cial interest for biotechnological purposes (see
Chap. 13). Arthrospira, for example, is already
mass cultivated on other continents and marketed
under the name ‘spirulina’ (e.g. Cyanotech
Corp., Hawaii; Earthrise Nutritionals,
California). Also microbial enzymes such as
cellulases, proteinases and lipases are the focus
of other enterprises (Chakkiath et al. 2013;
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Sorokin et al. 2014). The major advantage is the
high stability of enzymes in alkaline and saline
solutions, sometimes combined with thermosta-
bility. Two enzymes originating from haloalka-
liphiles of Kenyan soda lakes are already used in
textile industries (Genencor International; Grant
and Heaphy 2010).

1.7  Concluding Remarks

The EASL, which are unique systems, are
famous for their stunning environments and
wildlife, but are also valuable in many other
respects. Based on kinetic, mass-balance and
thermodynamic considerations, Kempe and
Degens (1985), for example, postulated an
ancient Precambrian ocean with a much higher
alkalinity and pH that was more similar to soda
lakes than the modern oceans. They proposed
that a transfer from a Precambrian soda ocean
to the modern halite sea took place around one
billion years (Ga) ago, which according to
Kempe and Kazmierczak (1994) was responsible
for the onset of biocalcification and a major trig-
ger for evolution. Modern soda lakes are essen-
tial for testing the ‘soda ocean hypothesis’, which
may provide insights into the geological history
and the diversity of life. This hypothesis, none-
theless, remains controversial.

EASL have long been recognised as global
treasures that should be preserved, but they are
also important sources of revenue because of the
tourists that they attract. Balancing conservation
and pressures from tourism is difficult
(Fig. 1.11d), and only a few areas have met the
challenge. Some National Parks and reserves
have been established in Ethiopia (Abijata—Shala,
Awash), Tanzania (Lake Manyara) and Kenya
(Nakuru, Amboseli, Lake Bogoria and others),
but this does not guarantee protection of the
lakes, as has been seen at Lake Abijata. A bal-
anced approach, but based on scientific data
rather than ideology, is urgently needed to pre-
serve the integrity of the EASL. They share an
ecology unmatched by saline alkaline lakes else-
where. Nonetheless, East African nations must
develop their resources for the benefit of all
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their citizens first, then visitors. This also includes
clear regulations for scientists. In the past, there
have been unfortunate cases of export and exploi-
tation of genetic resources (Sheridan 2004),
clearly demonstrating the urgent need for simple,
effective and fast processes for granting research
permission for bona fide scientists. If such
permissions become difficult, both local and
international scientists might focus their research
efforts elsewhere.

The soda lakes are there partly because of the
present climate—too wet, they become fresh; too
dry, they will desiccate, leaving trona and halite
deposits. Both extremes have occurred in the past
few millennia, but the lakes have always recov-
ered. Over the longer term, many soda lakes will
survive and regenerate, whereas others will dry
up. New soda lakes will form when and where
tectonics, volcanism and hydrology combine to
create favourable conditions. They have existed
in East Africa for at least 15 million years. Their
biota will change but the soda lakes should
survive.
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Abstract

The East African Rift System (EARS) started in Late Oligocene to Early
Miocene time and gradually propagated southwards from the Afar
Depression, beginning in the Middle Miocene. The hot, low-density
mantle material of the Afar Plume heated the overlying lithosphere,
causing thinning, regional doming, and the earliest basaltic volcanism in
southern Ethiopia. In Ethiopia, the Afar Depression, the Main Ethiopian
Rift, and the broadly rifted zone of southwestern Ethiopia represent the
northern segment of the EARS.

In the Kenyan sector of the EARS, uplift and doming also gave rise to
the Kenya Dome. The radial flow patterns of the initial phonolites provide
evidence for doming. Another important observation is that the rift geom-
etry was greatly influenced by pre-existing structures of the underlying
Mozambique Mobile Belt. Rifting proceeded through alternating episodes
of volcanism and tectonics. Crossing into Tanzania, the influence of the
neighbouring Tanzania Craton becomes evident. Here, the rift is
expressed only in the northern part, splaying out in diverging half-graben
valleys that are outside the Kenya Dome.
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Large boundary faults and opposing flexural margins, producing
mobile asymmetrical full and half-graben basins that are individually
linked along the rift axis, mark the Western Rift Valley. These basins
are frequently occupied by elongate and narrow lakes (largely freshwater)
separated by accommodation zones and containing significant hydrocar-
bon resources especially in the Albertine Graben. Small to large lakes
existed in the EARS during the Plio—Pleistocene. Lakes in the Western
Rift are large and deep, whereas those in the Kenya, Main Ethiopian, and
Afar Rifts are generally small and shallow. Geological records indicate
that the lakes sensitively responded to orbital forcing as well as to local,
regional, and global climatic, environmental, and tectonic changes,

resulting in fluctuating lake sizes and even desiccation.

2.1 Introduction

The East Africa Rift System (EARS) is one of the
most extensive (>3000 km), densely faulted, and
generally north- to south-oriented continental
extensional volcano-tectonic systems of basins
and horsts. It extends from the Red Sea in the
northeastern part of the continent and continues
southwestwards across two distinct structural and
topographic swells defined by the Ethiopian and
Kenya—-Tanzania Domes, before it bifurcates and
diffuses into a broader tectonic zone in southeast-
ern Africa (Chorowicz 2005 and references
therein). From north to south, four major rift
zones constitute the EARS: the Afar, Main Ethi-
opian Rift (MER), Kenya-Tanzania, and the
Western Rifts (Fig. 2.1, Index map). These
basins vary in width, length, depth, and orienta-
tion and generally exhibit along-axis segmenta-
tion and occasionally en-échelon displacements
that are connected by kinematically complex
transfer zones. Currently, the rift basins exhibit
distinct tectonic, volcanic, sedimentological,
hydrological, and geomorphic characteristics
and features of variable ages attributed to
differences in volcanic and tectonic processes
along the axis of the EARS and related climatic
conditions. The physiographic features, pre-rift
tectonics, and basement anisotropies and the
Cenozoic tectonic framework of the major rift
basin from the Afar Depression to Lake Malawi

are described. This is preceded by an introduc-
tory summary on the geodynamic setting of
Africa that led to the genesis of the EARS. We
highlight the complex volcanic and tectonic pro-
cesses that triggered rifting and the formation of
rift basins of the EARS, the influence of pre-rift
tectonics and structures on the location, and
orientation of the EARS and related sedimento-
logical,  geomorphic, hydrological, and
paleoenvironmental records, starting from the
north with the Ethiopian Rift System, the
Kenya—Tanzania Rift, and the Western Rift.

2.2  Geodynamic Characteristics
of the EARS

When and why the EARS developed along the
eastern continental sector of the African Plate
appears to be closely related to Africa’s plate
tectonic history and to the two major mantle
plumes (i.e. Réunion and Afar Plumes) that
impacted it, beginning in the late Cretaceous
and in the early Tertiary (Burke and Cannon
2014; Cande and Stegman 2011 and references
therein). Africa’s plate tectonic motion has been
relatively slow since the middle Mesozoic even
though the plate was partly underlain by mantle
with above-average temperature and subjected to
contemporaneous rifting and basin subsidence in
the continental interior (Gaina et al. 2013 and
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Fig. 2.1 The index map shows the location of the East-
ern Africa Rift System, including the Ethiopian (ER),
Kenyan (KR), Tanzanian (TR), Western (WR), and
Malawi (MR) Rifts. The Ethiopian Rift System includes
from north to south the Afar Rift (a), the Main Ethiopian
Rift (b), and the broad rift zone of SW Ethiopia (c). The
abbreviations in b represent the Ambo Lineament (AL),
Addis Ababa (AA), the northern Main Ethiopian Rift
(NMER), the central MER (CMER), the Galama Range
(GR), Asela (A), Wabi Shebele River (WSR), Kella Horst

(KH), Guraghe Mountains (GM), Awasa Caldera (AC),
Wagebeta Caldera (WC), Soddo (S), southern MER
(SMER), Amaro Horst (AH), and Konso (K). The num-
bers represent Lake Shala and nearby lakes (1), Lake
Awasa (2), Lake Abaya (3), and Lake Chamo (4). In c,
the Ganjuli (Ggl) and Galana (Gg2) Grabens, the Amaro
Horst (AH), the Konso Highlands (KH), the broadly rifted
zone (BRZ), the Ririba (RR), the Chew Bahir (CR), Usno
(UR), Omo (OR), and Kibish (KR) Rifts are marked
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references therein). Furthermore, the geographic
distribution of the EARS along the eastern conti-
nental edge of the African Plate and its proximity
to Mesozoic basins and spreading zones led to
the break-up and separation of East Gondwana
from the African Plate. This appears to be a
Tertiary analogue to the older geodynamic pro-
cesses that affected the continental plate. Succes-
sive tectonic processes intermittently continued
to transform the plate after the break-up and
separation of East Gondwana. These processes
were responsible for the split of India from East
Gondwana in the early Cretaceous, Australia
from Antarctica in the late Cretaceous, and
rifting and drifting of the continental blocks of
India, Seychelles, and Madagascar also since the
late Cretaceous (Cande and Stegman 2011;
Eagles and Konig 2008; Gaina et al. 2007,
Gibbons et al. 2013; Yatheesh et al. 2013).
Cande and Stegman (2011) proposed that a
force generated from the Réunion Plume head
drove the coupled tectonic activities of the Afri-
can and Indian Plates during the late Mesozoic
and early Tertiary.

By the early Tertiary, hot, low-density mantle
material related to the rising Afar Plume beneath
the region now occupied by the proto-oceanic
Afar Depression and the oceanic Red Sea and
Gulf of Aden Rifts started to heat the lithosphere.
This caused lithospheric thinning, regional uplift,
and the initial eruptions of Eocene flood basalts
in what is now the broadly rifted zone of SW
Ethiopia and the southern sector of the MER
(Davidson and Rex 1980; Ebinger et al. 1993,
2000; Ebinger and Sleep 1998; WoldeGabriel
et al. 1991; Yemane et al. 1999). As the Afar
Plume head continued to expand and become
shallower, continued thermal thinning of the lith-
osphere led to intense and voluminous volcanic
activity. This affected a large region from Yemen
across Ethiopia to northern Kenya during the late
Oligocene to early Miocene (Baker et al. 1996;
Davidson and Rex 1980; Hofmann 1997;
Menzies et al. 1997; WoldeGabriel et al. 1990).
At the northern end of the EARS, rifting led to
break-up and separation of the Arabian
Microplate, thereby creating the oceanic Red
Sea and the Gulf of Aden rifts in the early
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Miocene (ArRajehi et al. 2010 and references
therein). Buck (2006) suggested that the genesis
of the Afro-Arabian Rift System was driven by
magma-assisted extension shortly after the wide-
spread and voluminous basaltic eruptions in the
region now occupied by the Red Sea and the Afar
Rifts. Following uplift, magmatism, and the
inception of rifting at the northernmost part of
the EARS in the late Oligocene and early Mio-
cene, plume flow continued southwards beneath
the emergent basins and is inferred to have trig-
gered the southward propagation of rifting
(Ebinger and Sleep 1998). Today, the Afar Man-
tle Plume that initiated uplift and magmatism and
subsequent rifting along the eastern continental
part of the African Plate has dissipated. Passive
upwelling is driving the ongoing volcano-
tectonic processes along the EARS (Hammond
et al. 2013). The Afar Depression represents a
proto-oceanic rift that is in transition from conti-
nental rifting to seafloor spreading with the ongo-
ing break-up of two additional microplates of the
Danakil Block and Somalia from the Nubian
Plate (Ebinger 2005; Hammond et al. 2013;
Tesfaye and Ghebreab 2013). The volcano-
tectonic transition from the Afar Depression to
the Main Ethiopian Rift (MER) is manifested by
a low-velocity zone associated with shallow pas-
sive mantle upwelling and diapiric rise of
magma. These processes are responsible for the
ongoing rifting and along-axis segmentation
(Hammond et al. 2013).

Farther south, rocks of the Mozambique Oro-
genic Belt underlie the Kenya and Tanzania Rifts
of the eastern arm of the EARS.
Geochronological data indicate that the belt
evolved as a tectono-metamorphic complex
between 850 and 500 Ma ago (Shackleton
1993). The meta-sediments were probably
deposited between 1200 and 900 Ma ago. The
Mozambique Belt trends north to south through
Kenya and Tanzania and comprises predomi-
nantly paragneisses and orthogneisses at amphib-
olite to granulite facies (Cahen et al. 1984).
Typically known as the Eastern Granulite—Cabo
Delgado Nappe Complex of southern Kenya,
Tanzania, and Mozambique, the extended crust
that formed adjacent to the Mozambique Ocean
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experienced a 650—-620 Ma granulite facies meta-
morphism that terminated with closure of the
Mozambique Ocean (Fritz et al. 2013). Thus, a
number of rock assemblages identified as
dismembered ophiolites have also been found
within the Mozambique Orogenic Belt. Comple-
tion of the nappe assembly around 620 Ma is
defined as the East African Orogeny, which was
followed by phases of post-orogenic extension,
with early extension being recorded from
600-550 Ma, approximately contemporaneous
with that of the Arabian—Nubian Shield (Fritz
et al. 2013). The western front of the belt is
characterized by well-defined zones of mylonites
and thrusts separating it from the Archean rocks
of the Tanzania Craton. The eastern front is less
clearly defined. A joint assessment of all avail-
able structural, geochronological, and metamor-
phic evidence led Shackleton (1993) to conclude
that two different collisional orogenies occurred,
one at about 800 Ma on a suture 60 km SSE of
Lake Turkana and the other at about 580 Ma in a
zone about 100 km to the west of the first. With
respect to the evolution of the rift, it is important
to note that exposed, steeply east-dipping
gneissic fabrics of the Mozambique Belt along
the Nguruman and Elgeyo Escarpments of the
southern and northern Kenya Rift facilitated
extensional reactivation and fracture propagation
associated with Cenozoic Extension (Hetzel and
Strecker 1994).

The western branch of the EARS is consid-
ered to have been initiated in an area of thinner
lithosphere with Paleoproterozoic cover in the
Virunga Area and has propagated northwards
where it now abuts against thick cratonic litho-
sphere covered by a thrust belt consisting of
gneisses, meta-sediments, and metavolcanics of
Neoarchaean to Proterozoic age (e.g. Link
et al. 2010). Reactivation of the Tanzanian
Ubendian Belt during the Neoproterozoic
Pan-African Event (ca. 750 Ma) is suggested to
have produced sinistral brittle—ductile shear
zones. These later became the preferential locus
for the brittle rift faults during development of
the western branch (e.g. Lenoir et al. 1994).
Ebinger (1989a, b), however, assumes that
along-axis segmentation is generally not
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inherited but rather a result of north and south-
ward along-axis propagation of rift-border-fault
segments, thereby linking originally isolated
basins. The two dominant extensional stress
regimes (WNW-ESE and ENE-WSW,
e.g. Aanyu and Koehn 2011) have a strong base-
ment control (e.g. Tiercelin et al. 1988). Nyblade
and Brazier (2002) combined the uppermost-
mantle P-wave velocities beneath Tanzania with
the results of other seismic, gravity, heat-flow,
and xenolith studies. They suggest that as the
southward-propagating Kenya Rift reached the
strong Tanzania cratonic lithosphere margin
ca. 12-10 Ma, the Western Rift began to develop
northwards in the weaker mobile belt lithosphere
on the west side of the Craton. However, a more
complex scenario on rift evolution in these areas
has emerged over the last years, which clearly
shows that extensional processes resulting in
thermochronologic cooling signatures and rift
basin formation must have begun already during
the Paleogene (Bauer et al. 2013; Roberts
et al. 2012). In Kenya, for example, the Kerio
Basin along the FElgeyo Escarpment has a
two-stage history (see below), which began dur-
ing the Paleogene and resulted in superposed rift
basins (Hautot et al. 2000; Mugisha et al. 1997).

2.3 Pre-rift Tectonics

There are several rift-related Quaternary features
that are consistent with the influence of deeper
mantle processes than the superficial pre-rift
structures. For example, deeper magmatic-driven
tectonic processes apparently control the variable
orientation of the major rift basins along the axis
of the EARS, the confinement of dense faulting
and volcanism to a narrow width of the axial rift
zone (60—80 km) and segmentation, and the dom-
inance of the proximal rift basin at the zone of
overlap of two or more rift systems in SW
Ethiopia and in the Afar Depression. Most of
the major faults that define the MER and the
Afar Rifts, however, were described as
reactivated Pan-African Mozambique Belt struc-
tural expressions related to the Arabian—Nubian
Shield (Korme et al. 2004 and references
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therein). The pre-rift structural features are
oriented NW-SE (Red Sea Rift), E-W to
ENE-WSW (Gulf of Aden Rift), NE-SW
(MER), and N-S to NNE-SSW (Quaternary
axial rift zones of the MER). These structural
features are closely associated with crystalline
basement outcrops that are folded and faulted
along NE-SW and NW-SE directions and
along N-S- to NNE-SSW-striking suture zones
including ophiolites that crop out above the high
grade metamorphic rocks (Berhe 1990; Kazmin
et al. 1978, 1979 and references therein). No
major Paleozoic Era structures are known in
Ethiopia. During the Mesozoic, however, thick
marine and continental sedimentary rocks
formed along NW-trending basins, approxi-
mately contemporaneous with the break-up and
separation of East Gondwana (Bosellini 1989;
Bosellini et al. 1997; Gaina et al. 2013; Merla
et al. 1973; Russo et al. 1994 and references
therein). In the late Cretaceous to middle Ter-
tiary, low-relief, deep weathering and laterite
deposits, and igneous intrusions characterized
Africa, including the area transected by the
EARS (Burke 1996; Burke and Gunnel 2008).
By early to middle Tertiary (45-30 Ma), the Afar
Plume encroached the base of the lithosphere in
the NE part of the African Continental Plate. This
caused a low-density layer, vertical upwelling,
and structural and topographic  swells,
culminating in the earliest basaltic eruptions in
southern and SW Ethiopia (Davidson and Rex
1980; Ebinger et al. 1993; Ebinger and Sleep
1998; WoldeGabriel et al. 1991; Yemane
et al. 1999).

Pre-rift tectonism in the Kenya and Tanzania
sector of the eastern arm of the EARS is closely
linked to the tectono-metamorphic history of the
Mozambique Belt. Figure 2.1 shows the tectonic
setting of the Kenya Rift Valley including a
small section of the rift in northern Tanzania.
The rift overlaps the boundary between the
thick, cold, rigid Tanzania Craton (Archean base-
ment) and the thinner, anisotropic Proterozoic
Mozambique Belt (Macdonald 1994). Evidence
from seismic and gravity studies shows that the
rift developed across a transition zone, thought to
represent the sheared Proterozoic boundary
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between the Archean Tanzania Craton and the
mobile Mozambique Belt (Birt et al. 1997).
While the model by Nyblade and Pollack
(1992) defined the boundary between the Craton
and the mobile belt to be a suture 50-100 km
west of the Rift Valley, Birt et al. (1997) have
suggested that the whole region from the rift
westwards to the location of the suspected suture
may have been affected by the Proterozoic colli-
sion so that the Archean Craton probably extends
at depth to the edge of the rift. This suggestion
follows the observation that a km-thick layer
with velocity of 4.0-4.4 km s~ extends at the
surface to the west of the rift for 120 km.
Crossley (1979) provides a brief account of the
pre-rift history of the region. Accordingly, the
Gondwana surface was raised in the Jurassic to
form the African continental watershed, and a
deeply weathered, well planed, and lateritized
surface developed in the late Mesozoic. Further
uplift in the early Tertiary caused active erosion
of the late Mesozoic surface so that, in the Mio-
cene, the landscape had a relief of 2000 m. The
Kenya Rift was initiated as a downwarp, which
coincided fairly closely with the axis of the
uplift. Pre-rift uplift is implied by paleodrainage
reconstruction by King et al. (1972) and King
(1978). This is supported by the dispersion
patterns and thickness variations within the pho-
nolite lavas of the central Kenya Rift. Striking
examples of topographic control are flows
travelling eastwards to form the Yatta
Phonolites, westwards where they border on the
Nyanza Rift, and southwestwards towards Mara
Plains (Smith 1994). Smith (1994) pointed out
that when faulting and tilting effects are
removed, the present-day outcrop of lavas
defines a low-relief, elongate shield 400 km in
length and 200 km wide, giving a total area of
about 80,000 km?. Smith (1994) concluded that
available evidence supports the presence of an
elongate area of limited (less than 1 km) crustal
uplift that formed prior to initiation of volcanism
in the central Kenya Rift. In a subsequent study
using the viscosity of the Yatta Flows on the
eastern shoulder of the central Kenya Rift,
Wichura et al. (2010) demonstrated that the
eastward-flowing Yatta Phonolite must have
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originated at an elevation of 1400 m-13.5 Ma.
Importantly, this assessment, combined with the
recently established spatiotemporal framework
of a 17.5-Ma-old whale bone found west of
Lake Turkana, provides two paleoelevation data
points that suggest that domal uplift in Kenya
must have impacted topography and environ-
mental conditions after 17.5 and prior to
13.5 Ma (Wichura et al. 2015). Veldkamp
et al. (2007) reached a similar assessment of
high topography based on lava flow directions.

The western branch of the East African Rift
developed in Proterozoic mobile belts
(e.g. Kokonyangi et al. 2007). The middle Juras-
sic extensional phase generated basins that
appear to be confined to the coastal regions of
Kenya, Tanzania, and Mozambique (Morley
et al. 1999). It is suggested that from the Jurassic
through the Cretaceous an extensive rift system
ran across Central Africa from the west to eastern
Africa. This was accompanied by episodic active
rifting lasting in areas until the early Tertiary,
now evident in the northern Kenya Rift region of
Lake Turkana. These rifts are considered to form
deep basins (6-8 km) that in some places have
significant accumulations of hydrocarbons. The
topographic low in northern Kenya between the
Kenya-Tanzania and Afar Domes coincides with
the trend of Cretaceous—Paleogene rifting and
may reflect a regional influence of the older rift
trend on the younger one. Studies in western
Tanzania confirm the extent of the northwest-
orientated Paleoproterozoic Ubendian Belt con-
tribution to the Phanerozoic Rift (e.g. Klerkx
et al. 1998).

Cenozoic Volcano-Tectonic
Framework of the Ethiopian
Rift System
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The following sections describe the tectonics,
volcanism, sedimentological, and geomorphic
features of the three major rift basins in Ethiopia.
The Afar Depression, the three sectors of the
MER, and the broadly rifted zone of SW Ethiopia
form distinct structural and geomorphic features
compared with each other and with the rest of the
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EARS (Fig. 2.1a—). The characteristic features
of the three rift basins are highlighted to show
how complex volcano-tectonic processes and
interactions led to the genesis of the northern
part of the EARS with time.

2.4.1 Afar Rift: Volcano-Tectonic
and Sedimentological Records

and Hydrological Features

As shown in Fig. 2.1a, the Afar Rift—also known as
the Afar, Danakil, or Dallol Depression or the Afar
Triangle—covers a large area (~200,000 km?) in
northeastern Ethiopia, eastern Eritrea, and Djibouti.
It defines a distinct geomorphic feature created by
the interactions of extensional processes in the oce-
anic Red Sea and the Gulf of Aden Rifts with the
MER, resulting in a Triple Junction (CNR-CNRS
1973). The triangular morphology of the Afar Rift is
also a product of the interactions of the boundary
faults of the three rift systems (WoldeGabriel
et al. 2009).

The major chronostratigraphic units of the
Afar Rift consist of crystalline basement of the
Nubian—Arabian Shield, marine and continental
sedimentary units of Mesozoic age, and Tertiary
pre- and post-rifting volcanic and sedimentary
rocks. The latter are mostly exposed along the
western, southern, and eastern rift escarpments,
along marginal grabens and the foothills and
horsts within the rift floor (Merla et al. 1973;
Varet and Gasse 1978; Zanettin and Justin-
Visentin 1975). The earliest basaltic eruptions
along the rift margins are late Oligocene
(24 Ma) in age (Chernet et al. 1998 and
references therein). The basin floor is filled with
500-1500-m-thick late-Miocene to
Plio—Pleistocene flood basalts, and silicic lavas
and tephras, interbedded with fluvial and evapo-
rite deposits that are assigned to the Afar Series
(Tefera et al. 1996; Varet and Gasse 1978).

Sedimentological studies and ages of volcanic
rocks in the Red Sea and Gulf of Aden Rifts and
adjacent regions suggest that rifting commenced
between 35 and 27 Ma (Ukstins et al. 2002;
Watchorn et al. 1998; Wolfenden et al. 2005).
Moreover, late Oligocene (24 Ma) fluvial
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deposits and interbedded basalts of the Red
Series exposed along the foothills of the western
rift escarpment of the Afar Depression and the
Danakil Block suggest that rifting within the
Afar Depression was coeval with the Red Sea
and Gulf of Aden Rifts (Tiercelin et al. 1980
and references therein). Hundreds of metres of
thick red sandstone, conglomerate, and
variegated clays accumulated in a pre-existing
basin floored by weathered crystalline basement
rocks (Tefera et al. 1996). By the late Oligocene
and early Miocene, thermal thinning of the litho-
sphere due to the expansion of the Afar Plume
and flow of plume material beneath initial rift
basins is thought to have triggered the southward
propagation of rifting (Ebinger and Sleep 1998).
Today, the Afar Rift floor is fragmented into
several tectonic blocks driven by ongoing pas-
sive upwelling, magma-assisted extension, mag-
matic  eruptions, and complex tectonic
interactions of the three major rifts and their
boundary faults (Barberi and Varet 1977; Beyene
and Abdelsalam 2005; WoldeGabriel
et al. 2009). Evidence for continuous tectonic
and magmatic activity and sedimentation
(i.e. fluvial, lacustrine, and evaporites) during
the late-Miocene to Plio—Pleistocene is preserved
on the basin floor, along the foothills of the
escarpments, fault scarps, and canyons within
the Afar Rift. Thick evaporite deposits
(~1.6 km) of marine reef limestone, red beds,
gypsum—anhydrite—halite sequences, and
potash-rich strata deformed by tectonic and
hydrothermally driven salt-forming processes
occur in the eastern and northern part of the
basin floor (Holwerda and Hutchinson 1968;
Teunis et al. 2008).

Ayenew (2009) described saline lakes of vari-
able sizes and depths in the northwestern and
eastern parts of the Afar Rift floor (Fig. 2.1a).
The largest lakes are Asale and Afdera, which lie
—116 and —102 m below sea level. The Awash
River, which flows along the NE-trending axial
zone of the MER, empties into Lake Abbe, a
hypersaline lake in the southeast-central Afar
Rift floor. The lake contains about 50-m-high
steam-venting limestone chimneys.
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2.4.2 Main Ethiopian Rift

The MER is a 600-km-long, well-defined rift
basin that propagates from the Afar Rift in a
SW direction. The MER is divided into the north-
ern, central, and southern sectors (WoldeGabriel
et al. 1990). Each sector exhibits characteristic
geomorphic, tectonic, geological, and hydrologi-
cal features that are highlighted from the north-
ern to the southern sectors (Fig. 2.1b).

2.4.2.1 Northern Sector: Volcano-Tectonic

and Sedimentological Records
The approximately 200-km-long and
80-100-km-wide northern sector covers an area
of the MER that extends south from the funnel-
shaped SW Afar Rift to the drainage divide of the
NE-flowing Awash River and the lakes region in
central Ethiopia (Fig. 2.1a and b). The basin,
bounded by steeply faulted rift escarpments,
widens and gently drops in elevation towards
the Afar Depression. The basin floor is generally
flat except for the Quaternary axial tectonic and
volcanic rift zone, which is topographically
higher and rugged compared with the marginal
basins because of the many cinder cones and
rhyolite domes and calderas. The axial rift zone
is asymmetrically located closer to the western
rift margin.

Even though pre-rift structural features are
mostly concealed beneath Miocene volcanic and
sedimentary rocks, evidence for syn-rift tectonic
activity within the northern sector of the MER is
preserved along the rift escarpments and on the rift
floor. The most obvious features are changes in the
orientation of the boundary faults along the transi-
tion zone to the Afar Rift. For example, the west-
ern boundary fault of the northern sector has been
evolving from NNE to NNW directions, whereas
the opposing eastern margin is shifting from NNE
to EW due to boundary fault interaction with the
Red Sea and the Gulf of Aden Rifts, respectively
(WoldeGabriel et al. 2009). These changes, how-
ever, are not reflected in the narrow belt of the
NE-trending Quaternary axial tectonic and volca-
nic rift zone of the rift floor (Fig. 2.1a and b).



2 Genesis of the East African Rift System

Based on the distribution of volcanic and sed-
imentary rocks along the scarps of the boundary
faults, rifting in the northern sector is inferred to
have started in the middle Miocene (Juch 1980;
Kazmin et al. 1980; Sickenberg and Schonfeld
1975; Wolfenden et al. 2004). During the late
Miocene, several silicic volcanoes formed along
the eastern marginal graben that was filled with
thick ignimbrites and fossiliferous sediments,
whereas slightly younger diatomaceous and flu-
vial sedimentary rocks and intercalated tephra
units accumulated along the western marginal
graben (Chernet et al. 1998; Kazmin
et al. 1980; Kuntz et al. 1975; Renne
et al. 1999; Sickenberg and Schonfeld 1975;
Tiercelin et al. 1980; WoldeGabriel et al. 1992,
2001, 2009). The Awash River gorge adjacent to
the axial rift zone exposes a sequence of basaltic
flows and interbedded tephra units, but no sedi-
mentary rocks similar to those found along the
marginal graben (WoldeGabriel et al. 1992).
Most of the Quaternary volcanic and tectonic
activities within the northern sector are confined
to the segmented and en-échelon displaced axial
rift zone.

2.4.2.2 Central Sector: Volcano-Tectonic
and Sedimentological Records
and Hydrological Features

The central sector is a closed basin approxi-
mately 200 km long and about 75 km wide,
which becomes narrower towards the southwest
(WoldeGabriel et al. 1990 and references
therein). Changes in structural and geomorphic
features characterize the transition zone from the
northern to the central sectors (Fig. 2.1b). For
example, the western margin near Addis Ababa
shifted north and forms an embayment that
overlaps with the east—west-oriented Ambo Lin-
eament (Chernet et al. 1998; Morton et al. 1979).
The western margin is poorly defined south of the
embayment until it reaches the Guraghe
Mountains (Fig. 2.1b). A similar northward
shift of the eastern margin is also noted in the
vicinity of Asela. On the rift floor, two narrow
(5-10 km wide), densely faulted marginal
grabens occur. The Wonji Fault Belt defines the
east side and it is marked by several Quaternary
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cinder cones, basaltic lava fields, and rhyolitic
centres and calderas; in contrast, the Debre Zeyt-
Silti Zone on the west side consists of basaltic
cones, lava fields, and maars (Mohr 1967,
WoldeGabriel et al. 1990).

In the central sector, high-angle normal faults
and horst and graben structures close to the
margins delimit the rift basin (Fig. 2.2a and b).
Post-rifting arcuate structure, right-angled spurs,
and serrated edges and re-entrants also occur
along both rift margins. Based on stratigraphic
and structural relations of the various lithologic
units exposed along both escarpments, rifting in
the central sector started in the middle Miocene
(Corti 2009; WoldeGabriel et al. 1990). The
thick late-Miocene (10.6-8.3 Ma) Dbasalt
sequence and vitrophyre at the base of the
Guraghe Mountains along the western margin
erupted into an existing basin a few kilometres
to the west of the tilted Kella Horst, which
consists of crystalline basement, Mesozoic sedi-
mentary units, Oligocene (32 Ma) basaltic flows,
and fluvial sedimentary deposits but not the late-
Miocene Guraghe Basalts. Additional evidence
for middle Miocene or older rifting in the central
sector is indicated by the stratigraphic succession
of the Shebele Trachyte sequence exposed along
the eastern rift shoulder. The NE-trending Wabi
Shebele River gorge contains more than 150 m of
bedded volcaniclastic sediments that underlie
middle Miocene (16.9 Ma) mafic lavas of the
Shebele Trachyte (WoldeGabriel et al. 1990).
The basin floor in the central sector was appar-
ently more than 100 km wide and became
narrower, following the eruptions of the volumi-
nous Plio—Pleistocene Butajira Ignimbrite and
Chilalo  Trachyte flows (WoldeGabriel
et al. 1990). During the Quaternary, tectonic
activities and volcanism were confined to the
Wonji Fault Belt (e.g. Fig. 2.2c) and to the
Debre Zeyt-Silti marginal grabens. The two Qua-
ternary volcanic and tectonic segments merge
into a singular axial rift zone in the southern
part of the central sector (WoldeGabriel
et al. 1990).

The early Miocene (16.9 Ma) sedimentary
units in the rift-oriented Wabi Shebele River
gorge indicate early sedimentation along an
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Fig. 2.2 The photographic images from the central sec-
tor of the Main Ethiopian Rift show the eastern (a) and
western (b) rift margins, representing well-defined high-
angle normal faults and the rift-bound Lake Abijata (c)

extensional basin, which was part of the central
sector of the MER (Fig. 2.1b). Localized fluvial
deposits (2—10 m thick) were also identified
above the Oligocene Kella Basalt along the
fault scarp of the Guraghe Mountains, but their
age was not constrained. In the rift floor, thick
fluvial and lacustrine deposits that are
intercalated with Plio—Pleistocene volcanic
rocks blanket the rift floor (Gasse and Street
1978). Today, several compartmentalized lakes
cover a large area of the basin floor of the central
sector (Figs. 2.1b and 2.2d). These lakes are
remnants of a larger lake that prevailed during
the wet periods of the late Pleistocene (Gillespie
et al. 1983; Street 1979; Tudorancea and Taylor
2002 and references therein). Input from peren-
nial streams and groundwater flux keep most of
these lakes fresh except for some of the closed
caldera and/or Crater Lakes (e.g. Shala, Abijata,
Chitu, and Tilo) that are saline (Ayenew 2005,
2009).

and a silicic centre along the Quaternary axial rift zone of
the Wonji Fault Belt (d) north east of Lake Abijata. The
photos are from G. WoldeGabriel (a and b) and from
M. Schagerl (¢ and d)

2.4.2.3 Southern Sector: Volcano-
Tectonic and Sedimentological
Records and Hydrological
Features
The MER becomes narrower as it propagates
southwestwards to its termination. The
150-200-long and 30-65-km-wide southern sec-
tor forms unique geomorphic and tectonic
features unlike the closed basin of the central
and the northeastward-draining basin of the
northern sectors (Fig. 2.1b). The uplifted south-
western border of the nested Awasa Caldera
Complex forms the boundary between the central
and southern sectors. The basin floor of the
southern sector is rugged and gradually drops in
elevation along the axis of the rift towards the
southwest to form Lakes Abaya and Chamo. The
basin contains a singular, left-laterally displaced
and segmented Quaternary axial rift zone that is
asymmetrically placed closer to the western mar-
gin. High-angle boundary faults mark the eastern
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rift escarpment, whereas the west side becomes
less apparent largely due to the accumulation of
thick tephra deposits from the nested early Plio-
cene Wagebeta Caldera complex located along
the rift margin north-northwest of Soddo
(Fig. 2.1b). Moreover, the southern half of the
basin floor is bifurcated by the NNE-trending,
90-km-long and 25-km-wide Amaro Horst into
the western (Ganjuli or Chamo Basin) and the
eastern (Galana) Grabens (Levitte et al. 1974).
The Quaternary axial rift zone is confined to the
Ganjuli Graben, whereas the Galana Graben is
filled with sedimentary deposits and interbedded
distal tephra, but it does not host volcanic centres
or flows.

Evidence from stratigraphic successions and
the distribution of Tertiary volcanic centres
suggests that rifting in the southern sector started
in the middle Miocene, consistent with the con-
finement of trachytic (14 Ma) and rhyolite
(13 Ma) centres and flows along the foothills of
the major boundary faults on both sides of the
Ganjuli Graben (Ebinger et al. 1993; Zanettin
et al. 1978). Moreover, the stratigraphic
sequence at the southern end of the Amaro
Horst contains middle Miocene fossiliferous
volcaniclastic deposits (17-15 Ma) that are
capped by basaltic lavas (12-11 Ma). This
suggests that the Amaro Horst was probably
uplifted in the late Miocene (Suwa et al. 1991;
WoldeGabriel et al. 1991).

The NNE-SSW-trending twin basins of the
Galana and Ganjuli Grabens of the southern sector
abruptly terminate against uplifted crystalline
basement and Miocene basalts of the Konso
Highlands (Ebinger et al. 1993, 2000;
WoldeGabriel and Aronson 1987; Yemane
et al. 1999). Within the termination zone, the rift-
oriented faults have steeper dips compared with
structures of the crystalline basement of the same
trend (Ebinger et al. 1993). The termination of the
southern sector may be related to a combination of
factors, including truncation by the north-trending
tectonic zone of the Kenya Rift, diminishing
displacements along major faults that intersect
uplifted crystalline basement rocks of the Konso
Highlands, and the spreading of the tectonic pro-
cesses over a broader zone of active and inactive
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rifts (Bosworth 1992; Moore and Davidson 1978;
WoldeGabriel and Aronson 1987).

The basin floor of the southern sector is
mostly filled with volcaniclastic deposits and
widespread distal tephra beds from rift-bound
calderas within the central and southern sectors
of the MER (Katoh et al. 2000; WoldeGabriel
et al. 2005). Lake Abaya (1160 km?), the largest
freshwater lake in the Ethiopian Rift System, and
the mildly saline Lake Chamo (317 km?) occupy
rift-oriented basins closer to the western margin
(Ayenew 2009). Both lakes are connected
through a narrow channel that carries water
from Lake Abaya to Chamo during wet periods.

2.4.3 Broad Rift Zone of SW Ethiopia:
Volcano-Tectonic
and Sedimentological Records

The north-trending, broad rift zone in SW
Ethiopia is the northern extension of the Kenya
Rift (Ebinger et al. 2000; Moore and Davidson
1978; WoldeGabriel and Aronson 1987). As
shown in Fig. 2.1c, this 300-km-wide tectonic
zone consists of three half graben and two sym-
metrical rift basins. The symmetrical rifts and the
half grabens are separated by uplifted crystalline
basement ridges that are unconformably capped
by ferruginous sandstones (grits) and the oldest
Tertiary volcanic rocks associated with the uplift
and doming of the Afar Dome (Davidson and
Rex 1980; Ebinger et al. 2000; Moore and
Davidson 1978). From east to west, the Ririba
and Chew Bahir Rifts are symmetrical exten-
sional basins, whereas the Omo, Usno, and
Kibish Basins represent half grabens (Fig. 2.1c¢).
Rift faults within the tectonic zone are either
parallel or normal to the structural fabric of the
crystalline basement, and no evidence for reacti-
vation was noted along these structural elements
(Moore and Davidson 1978).

The eastern margin and shoulder of the broad
rift region is a zone of tectonic overlap and fault
interactions between the NE- and N-striking
major structures of the southern MER and the
Kenya Rift, respectively. At the zone of overlap,
the MER faults are truncated by the dominant
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N-NNE-striking Kenya Rift fault systems, which
are responsible for the symmetrical Chew Bahir
and Ririba Rifts along the eastern part of the
broad rift region. In contrast, the N-oriented
broad rift zone, and in particular the Chew
Bahir Rift closest to the western boundary fault
of the southern MER, is truncated by NE-striking
fault system of alternating and tilted horst and
graben structures (Moore and Davidson 1978;
WoldeGabriel and Aronson 1987). Such tectonic
influence by the closest boundary fault system of
a rift basin is also apparent at the northern end of
the EARS, where the NW-trending western
boundary and the axial rift zone faults of the
Red Sea Rift truncate the major structures of
the MER and the Gulf of Aden in the central
Afar Rift floor (Fig. 2.1a). In the area of tectonic
overlap, the dominant rift faults are inferred to be
controlled by deep-seated structures of the clos-
est rift basin instead of the pre-rift shallow
reactivated structures.

Even though the earliest volcanism (~45 Ma)
started in SW Ethiopia, extensional basins and
rifting within the broad rift zone did not start to
form until the early to late Miocene (Ebinger
et al. 2000; Moore and Davidson 1978). Based
on a gravity survey, Mammo (2012) reported
more than 4 km of early Pliocene sediments in
the N-oriented Omo Basin. In northern Kenya,
immediately south of the broad rift zone, late
Oligocene to early Miocene deep (~7 km) half
graben formed west of Lake Turkana. Later, the
tectonic activity migrated eastwards to the
Turkana Basin (Morley et al. 1992). The distri-
bution of Plio—Pleistocene volcanic rocks and
faulting within the eastern part of the broad rift
zone also suggests that rifting and dense faulting
migrated eastwards from the Chew Bahir to the
Ririba Rifts (Ebinger et al. 2000; WoldeGabriel
and Aronson 1987). Geological investigations
related to paleoanthropological explorations in
the Omo-Turkana Basin of SW Ethiopia and
northern Kenya provide information about the
Plio—Pleistocene tectono-sedimentary records
and localized basaltic eruptions (Brown and
McDougall 2011; de Heinzelin 1983).

In summary, the broad rift zone of SW
Ethiopia is the least investigated and poorly
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understood sector compared with other parts of
the EARS because of its remoteness. However,
the geographic location and the formation of the
broad rift zone at the terminus of the
NNE-oriented Kenya Rift and the NE-trending
MER primarily appear to be the product of
the tectonic overlap and subsequent fault
interactions of the two rift basins and the east-
ward migration of faulting. The north-trending
crystalline basement ridges within the broad rift
zone and at the southern end of the MER proba-
bly acted as tectonically rigid blocks, allowing
for multiple basins to form between these resis-
tant blocks. In this context more future research
will also be necessary to better understand the
role of the WNW-ESE-oriented Cretaceous
Anza Rift in influencing Cenozoic Extensional
processes. The Anza Rift once kinematically
connected the Central African Rift Zone and the
Lamu Embayment at the passive margin of
Kenya and was repeatedly active during the Ter-
tiary (Bosworth and Morley 1994).

2.5 The Kenya Rift

2.5.1 Physiographic Features

The Kenya Rift extends from Lake Turkana in
northern Kenya to the northern tip of Lake
Natron at the Kenya—Tanzania border (Fig. 2.3).
It is a topographically closed area that drained
into Lake Turkana during lake-level high stands
in the past in the north and Lake Natron to the
south (Olago 2013). This rift is associated with
high elevations of the East African Dome, rift-
shoulder uplift, and high volcanic edifices
(e.g. the Aberdare Range) and is located at the
equator. It constitutes a unique tectonic and cli-
matic setting with pronounced relief contrasts,
highly disparate rainfall amounts, rainfall
gradients, and an array of complex half graben
along its axis (Bergner et al. 2009). The major
fault scarps are the Elgeyo and Nguruman
Escarpments that reach 1500 m and the Aberdare
Range, a Miocene volcanic edifice situated at the
present-day eastern rift shoulder that reach over
2000 m above the rift floor (Schliter 1997). The
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fault throws are estimated 30004000 m (Baker
and Wohlenberg 1971). Thus, the present-day
general architecture of the EARS is made of a
series of relatively narrow (40-70-km-wide)
faulted troughs (Tiercelin and Lezzar 2002).
Neotectonic faulting and the formation of erup-
tive centres on the rift floor during the ultimate
400 kyr have given rise to a number of lakes
along or close to the axis of the rift. They are
virtually isolated today, but may have been
connected during more humid episodes in the
past. These include Lakes Turkana, Bogoria,
Nakuru, Elementaita, Naivasha, and Magadi.
The evolution of the rift was evidently
characterized by alternating episodes of rifting

and volcanism and continuous sedimentation.
The complexity of rifting as observed today is
to a large extent attributed to the influence of
pre-existing structures in the underlying rocks
of the Mozambique Mobile Belt (Birt
et al. 1997). This influence is reflected in the
parallel alignment of faults and gneissic
foliations along the Nguruman Escarpment in
the south (Crossley 1979) and the Elgeyo Escarp-
ment in the north, where inherited strike-slip
zones have been reactivated as extensional trans-
fer faults during Tertiary rifting (Hetzel and
Strecker 1994; Mugisha et al. 1997).

The Kavirondo (or Nyanza) Rift is a N8O°E-
trending rift that branches with the central Kenya
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Rift near Lake Bogoria and disappears west-
wards under Lake Victoria (Chorowicz 2005).
Thus, the Lake Bogoria region may represent a
Triple Junction between the northern Kenyan,
central Kenyan, and Nyanza Rifts, almost at the
centre of the Kenya Dome (Chorowicz 2005).
Saggerson  (1952) asserts that faulting
accompanied by tilting began in the Tertiary
(but did not specify which epoch) and continued
into the Pleistocene. Shackleton (1950) proposed
that the Kavirondo Rift was mainly formed dur-
ing the late Pliocene or earliest Pleistocene; the
rift was depressed between faults and flexures,
relatively to the regions to the north and south,
which were uplifted and tilted. Jones and Lippard
(1979), however, based on newer geological evi-
dence, concluded that the Kavirondo Rift was
formed during the upper Miocene and that there
has been very little volcanic or tectonic activity
along it since that time. The floor of the
Kavirondo Valley has remained more or less
level. This particular rift, so far not studied in
as great detail as the Kenya Rift, has only now
come under focus due to ongoing exploration
work for hydrocarbons. The following sections,
therefore, give an overview of the characteristics
of the Kenya Rift, including faulting mechanisms
and the influence of pre-rift structures on its
evolution based on the works of several authors.

2.5.2 Rift Faulting Characteristics

Most of the major faults defining the Kenya Rift
Valley are normal or dip-slip faults with dips in
excess of 60° (Baker and Wohlenberg 1971).
These faults do not extend laterally for many
kilometres. Accordingly, the long fault scarps
are produced by a number of faults offset from
each other in an en-échelon arrangement.
Although the escarpment in the central section
of the Kenya Rift reaches 2000 m, estimates on
the order of 3000—4000 m have been suggested
(Baker and Wohlenberg 1971). The grabens in
the Kenya Rift are asymmetrical (half grabens).
They have a single large fault on the western side
(Elgeyo, Mau, Nguruman, etc.) and sets of anti-
thetic faults. The latter originated from the
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segmentation of a rollover monocline after the
major faults along the western margin of the rift
had formed. These step faults often produce step-
fault platforms or sloping ramps that descend
down to the rift floor (Baker and Wohlenberg
1971). The footwall blocks of these structures
are usually tilted surfaces sloping away from
the Rift Valley, attesting to listric fault geometry.
The half-graben characteristics have also been
observed in the case of the Anza Graben located
in NE Kenya (Dindi 1994). On the graben floor,
normal faults are closely spaced and increase in
density along the volcano-tectonic axis of the rift
(grid faulting, McCall 1967). Here, NNE-SSW-
to N-S-striking faults have short lengths, are
parallel, and have throws of less than 100 m.
Baker (1986) estimated the average spacing of
these faults at 1.5 km. Grid faults give rise to
minor horsts, graben, and step platforms. Most of
these faults offset ~1.4-0.8 Ma lavas, which
erupted in the inner trough of the rift (Muirhead
et al 2013). Some obliquely striking faults of
poorly resolved kinematics and strike-slip faults
have been identified in some parts of the Kenya
Rift. Kuria et al. (2010), working in the Magadi
area, identified four sets of faults (i.e. normal
N-S, dextral NW-SE, strike-slip ENE-WSW,
and sinistral NE-SW) of different ages. Previous
studies had not recognized the existence of sinis-
tral oblique slip NE-SW-trending faults that
were created under a regime of E-W extension.
The E-W extension has also been confirmed
from focal mechanism solutions of earthquake
swarms where the four sets of faults intersect.
Current E-W extension rates are estimated at
~2—4 mm/year (Katternhorn et al. 2013). Strike-
slip faults have also been identified in the area to
the south of Lake Turkana (Dunkelman
et al 1988). In this context, the 1928 Subukia
Earthquake ruptured along a Tertiary dip-slip
fault, but with a component of oblique slip
(Zielke and Strecker 2009).

The Magadi sector of the rift displays some of
the unique characteristics of the half-graben
structures in the Kenya Rift. In the Magadi
area, the half graben is about 70 km wide, with
a high fault escarpment of 1500 m on its western
side (Nguruman) and subdued eastern boundary
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of 200-500 m. The rift floor slopes southwards
and has the appearance of a smooth plain of flood
lavas, which has been broken by many subparal-
lel minor faults that rarely exceed 200 m in
displacement (Baker and Wohlenberg 1971).
The major marginal faults form step-fault
platforms and south-sloping ramps. The rift
floor is cut by numerous normal faults, giving
rise to small-scale step faults, horst and graben,
and tilted antithetic fault blocks (Baker and
Wohlenberg 1971). Faults in the axial zone of
the rift floor tend to be more regular in orienta-
tion than the main marginal ones. The Magadi
sector best exhibits the migration of the zone of
fracturing inward, clearly showing a decrease in
ages and spacing of faults.

2.5.3 Rift Faulting Mechanisms

The complexity of the Kenya Rift has been
attributed to a structural control by the inherited
structural trends in the underlying Mozambique
Belt. A study of the Precambrian Mozambique
Belt in Kenya (Smith and Mosley 1993)
demonstrated that a series of late Proterozoic,
continental-scale NW-SE- and NS-trending duc-
tile/brittle shear zones exist in the lithosphere
beneath the Kenya Rift. According to Pinet and
Colletta (1990), inherited features induce
discontinuities within the crust, which lead to
complex fault patterns of rift systems. Being
located within the Mozambique Belt rocks, it is
conceivable that the rift architecture was funda-
mentally influenced by inherited anisotropies and
that rheological conditions were conducive to
weakening of the lithosphere when mantle
upwelling impinged upon the lithosphere—asthe-
nosphere boundary. This ultimately led to rifting
in the former collision zone between East and
West Gondwana.

2.5.4 Basins and Sedimentation
in the Kenya Rift

The basins in the rift have been formed since
Mio-Pleistocene times, and these achieved their
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final morphology between 2 and 0.5 Ma, con-
comitant with other new lake basins being cre-
ated as a result of the major tectonic and/or
volcanic events that took place during this period
(Tiercelin and Lezzar 2002). Present-day lakes
such as Lake Baringo or Lakes Nakuru,
Elementaita, and Naivasha are the remnants of
larger lake domains developed during
lower—-middle  Pleistocene time and are
represented by rare sedimentary deposits some-
times uplifted or down-faulted along the inner
trough margins (Renaut 1982; Richardson 1966;
Richardson and Richardson 1972; Tiercelin and
Lezzar 2002; Wilson et al. 2014). There has been
a lot of scientific and industry interest in the
intercalated volcaniclastic, fluvial, and lacustrine
sediments of the Kenya Rift basins. The scientific
community is evaluating them to understand
tropical paleoclimate and environment, as well
as for their rich paleontological, archaeological,
anthropological, and evolutionary significance.
At the same time, industry is engaged in explora-
tion for oil and gas, as well as for industrial
minerals such as trona, phosphate, and diatomite.

2.5.4.1 Turkana, Lokichar, and Suguta
Basins

The age of Lake Turkana Basin is given a con-
servative estimate of 4.3 Ma (by K—Ar and “’Ar/*
Ar methods), which is recorded from the lower-
most tuff bed within the Koobi Fora Basin
(McDougall 1985). Nonetheless, volcanic and
sediment relationships at the boundary of the
Koobi Fora Basin (NE of Lake Turkana) reveal
that major Pliocene tholeiitic flood volcanism
took place after the initiation of proto-Lake
Turkana. Significant lacustrine and fluviatile
deposits lie beneath lavas in the upland part of
the northern part of the Koobi Fora Basin. This
indicates that the age of Lake Turkana may be
significantly greater than 4.3 Ma (Watkins 1986).
Multifold seismic reflection and geologic
mapping indicate that at least 3 km of Neogene
sediments occur beneath Lake Turkana. These
sediments filled a series of half-graben basins,
with centrally located Quaternary volcanic
centres, which are linked end-to-end by structural
accommodation zones (Dunkelman et al. 1988).
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A gravity and seismic survey conducted in 1985
by Amoco Kenya Petroleum Company indicated
the presence of two deep-buried, elongate (50 km
long; 20 km wide) sedimentary basins, the
Lotikipi Basin to the west and the Gatome Basin
to the east, separated by the Lokwanamoru Struc-
tural High (Thuo 2010). Depth to basement was
interpreted to be 4 km and 6 km for the Lotikipi
and Gatome Basins, respectively (Despres 2008;
Wescott et al. 1999). The current phase of land-
scape evolution within the Turkana Basin is
dominated by fluvial incision and slope retreat
under semiarid conditions. A volumetric analysis
dates the present basin landform at 0.11 Ma (Reid
and Frostick 1986).

South of the Turkana Basin is the Lokichar
Basin with no present-day lake expression. It
contains a 7-km-thick sedimentary series of
mainly interbedded lacustrine and fluvio-
lacustrine sediments of Paleogene to middle
Miocene age (Morley et al. 1992). An extensive
seismic investigation conducted west of Lake
Turkana in the 1980s by the Amoco Kenya Petro-
leum Company revealed the existence of a string
of five large, N-S-trending half graben with up to
6—7 km fill, ranging in age from Palacocene to
late Miocene—Pliocene (i.e. Lokichar, Lothidok,
North Lokichar, North Kerio, and Turkana
Basins) and linked to the initial phases of rifting
(Dunkelman et al. 1988; Morley et al. 1992,
1999; Tiercelin et al. 2004). The pre-Pliocene
Turkana Grits clearly reflect intense local defor-
mation, which signals the onset of significant
tectonic activity that represents two episodes of
local tectonics and deposition (Williamson and
Savage 1986). The Plio—Pleistocene sediments of
the basin are the product of episodic deposition
interspersed with long periods of reworking and,
stratigraphically, include a wide range of
lithotypes from fine clays to extensive coarse
gravel sheets (Reid and Frostick 1986).

The Suguta Valley, directly south of Lake
Turkana, hosts Lake Logipi at its extreme north-
ern end, separated from the south end of Lake
Turkana by the Volcanic Barrier Complex. Lake
Logipi is fed by numerous hot springs located
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around its northern shores and around the eroded
ruff cone of Naperito as well as stream/surface
runoff inflows during the wet seasons (Dunkley
et al. 1993). Baker (1963) did geological work in
the Baragoi area, including a small portion of the
Suguta Valley in the northwest sector of his
assessment area. He observed a flight of beach
terraces on a number of ash cones, coupled with
the presence of thick lacustrine and fluviatile
deposits. He therefore noted that a paleolake
once existed, which was connected to Lake
Turkana. Tectonic movements and associated
volcanism starting in the Miocene led to the
formation of the deep and narrow Suguta Valley
(Baker 1963). The sedimentation history in the
Suguta Valley comprises recurrent fluvio-
lacustrine episodes since the Miocene. These
are documented by fluviatile terraces, beach
terraces, and lakebed sequences exposed in the
river valleys cutting through the rift shoulders,
mainly to the east and in the inner graben area
(Baker 1963; Casanova et al. 1988; Dunkley
et al. 1993; Junginger et al. 2013; Saneyoshi
et al. 2006). The Miocene Namurungule Forma-
tion, which crops out on the eastern flank,
represents basin fill that developed in association
with Miocene rifting. It consists mostly of lacus-
trine delta deposits with minor alluvial fan
deposits at its base (Saneyoshi et al. 2006). A
combination of steep west-dipping volcanic
rocks and pronounced topography on the eastern
margin of the northern Suguta Valley has
resulted in unstable loading of the valley margin.
This possibly led to very significant sediment or
rock transport from the rift margins to its axis and
may be indicative of rift sedimentation following
periods of most rapid structuring (Bosworth and
Maurin 1993). The extensive lake phases are well
documented in Pleistocene-age sediments: up to
30-m-thick diatomite, silts, and sands that are
exposed in the southern and western parts of the
Suguta Valley are overlain by flood basalts,
documenting a lacustrine phase between 1.0 and
0.7 Ma (Dunkley et al. 1993; Junginger
et al. 2013). During the late Quaternary, high
lake levels are indicated by terraces marked
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with deposits such as gastropods (Garcin
et al. 2012; Truckle 1976) and stromatolites
(Casanova et al. 1988).

2.5.4.2 Kerio, Baringo, and Bogoria Basins
Initiation of the two oldest deep rift basins of the
central Kenya Rift, the Kerio and the Baringo
Basins, formed in Paleogene time (Hautot
et al. 2000; Mugisha et al. 1997; Tiercelin and
Lezzar 2002). Exposed lake- and fluvial-type
sediments of possible Paleogene age are green
laminated shales and sandstones forming the
Kimwarer and Kamego Formations that outcrop
in the Kerio and Baringo Basins, respectively
(Hautot et al. 2000; Renaut et al. 1999). These
two formations represent the upper part of a
several-km-thick sediment pile of possible
Paleogene age that is identified only based on
geophysical methods (Hautot et al. 2000;
Mugisha et al. 1997). They lie at the base of a
nearly entire rift-fill sequence (known as the
Tugen Hills sequence) that is considered as one
of the best-exposed successions of Neogene
sediments in the EARS (Chapman and Brook
1978; Tiercelin and Lezzar 2002). Thick basaltic
and phonolites series more or less extensively
capped the Kerio and Baringo Basins (Samburu,
Sidekh, and Elgeyo Formations) between 23 and
10 Ma (Fig. 2.4) (Chapman and Brook 1978; Hill
et al. 1986). During this period, fluvio-lacustrine
sedimentation continued to develop in the Kerio

Fig. 2.4 Major step faults
along the margin of Lake
Baringo, Kenya (from
Michael Schagerl)

Basin of central Kenya, with the deposition of the
400-m-thick Tambach Formation dated between
16 and 14 Ma (Renaut et al. 1999). The Tambach
Formation was in turn capped by the Uasin Gishu
Phonolites by 14 Ma (Chapman and Brook 1978;
Lippard 1973). This was followed by a second
phase of rift tectonics that affected the Kerio
Basin, initiating the deposition of the Ngorora
fluvio-lacustrine  formation in an almost
100-km-long and 40-km-wide faulted basin
(Tiercelin and Lezzar 2002). The lower half of
this thicker Ngorora Formation is only “geophys-
ically” represented, while the upper 400 m of
sediments outcrop largely in the Tugen Hills
region between the Kerio and Baringo Basins
(Chapman and Brook 1978). In the
Baringo—Bogoria Basin, a well-dated sequence
of diatomites and fluvio-lacustrine sediments
document the precessionally forced cycling of
an extensive lake system between 2.70 Ma and
2.55 Ma (Wilson et al. 2014). One diatomite unit
was studied using the oxygen isotope composi-
tion of diatom silica combined with X-ray fluo-
rescence  spectrometry and  taxonomic

assemblage changes. Those approaches reveal a
rapid onset and gradual decline of deep-water
lake conditions, which exhibit millennial-scale
cyclicity of ~1400-1700 years, similar to late
Quaternary Dansgaard—Oeschger Events. These
conditions are thought to reflect enhanced pre-
cipitation coincident with increased monsoonal
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strength and testify to a teleconnection between
the high latitudes and East Africa during this
period (Wilson et al. 2014).

2.5.4.3 Nakuru, Elementaita,
and Naivasha Basins

Late Pleistocene sediments comprising volcanic
ash, silts, clays, graded water-laid tuffs, and diat-
omite beds characterize the sediments of the
Lake Nakuru and Elementaita Basins (Thompson
and Dodson 1963). The lake sediments occur as
lenses mainly consisting of grit, volcanic sand,
clays, and silts or as continuous beds with some
diatomite beds having thicknesses over 30 m
(Odero 1993). The Lake Naivasha Basin was
created by normal faulting between 0.9 and
0.7 Ma (Strecker et al. 1990). Its present history
began at about 320 kyr BP, when lava flows at
Olkaria closed the southern basin outlet between
the flanks of the 400-kyr-old Mt. Longonot and
the Mau Escarpment (Clark et al. 1990; Scott
1980). The sediments in the basin are generally
not exposed, but stratigraphic relations in the Ol
Njorowa Gorge in the transition between the
Olkaria Volcanic Complex and Mt. Longonot
show that no large lake existed before 146 ka
BP (Trauth and Strecker 1996). The deposits in
the gorge are mainly yellow to buff water-laid
tuffs with altered lapilli, diatomite, laminated
siltstone, and intercalations of coarse clastic flu-
vial sediments and pyroclastic deposits
indicating intermittent subaerial conditions
(Trauth et al. 2003).

2.5.4.4 Olorgesailie, Magadi, and Natron
Basins
The Olorgesailie Basin, which has no present-
day lake expression, is characterized by two
major sedimentary sequences (Behrensmeyer
et al. 2002). The Olorgesailie Formation
(~1.2-0.5 Ma) consists of laterally extensive
diatomites, diatomaceous silts, volcanic sands,
gravels, ash, and paleosols that are overlain by
a discontinuous series of younger sediments
(0.5 Ma to present) that were laid down in and
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adjacent to a series of major incised river
channels (Behrensmeyer et al. 2002). The domi-
nant lithologies include volcanic silts, sands, and
gravels that are variably affected by pedogenesis
(Owen et al. 2014).

The present Lake Magadi, a saline pan, is the
successor to a series of paleolakes that have
occupied the basin for probably more than one
million years. The oldest sediments, the Oloronga
Beds (0.8 to ~0.3 Ma or later), are tuffs, fossilifer-
ous limestone, diatomaceous siltstones, and cherts
that were deposited in a large lake (Baker 1958,
1963; Behr 2002). These are overlain by Green
Beds (9840 ka in outcrop although full age
range is unknown), lacustrine silts, and zeolitic
tuffs that were deposited in an alkaline lake (Behr
2002; Goetz and Hillaire-Marcel 1992). The
succeeding High Magadi Beds (HMB) are silts,
zeolitic tuffs, rthythmic laminites, and evaporites
that formed in a larger alkaline to freshwater
paleolake during the late Pleistocene and early
Holocene (~23 ka to ~10 ka) (Butzer et al. 1972;
Damnati and Taieb 1995; Taieb et al. 1991). At
least 40 m of bedded trona has been deposited
upon the older sediments since the early to
mid-Holocene. The estimate of sediment thickness
from the Natron Basin is similar to the 3.5 km
depth to basement interpreted in seismic refraction
data from the Magadi Basin 30 km north of Natron
(Birt et al. 1995). Oloronga Lake developed at
>780 ka (Casanova 1987; Casanova and Hillaire-
Marcel 1987; Eugster 1980, 1986).

The Tanzania Rift: Tectonics
and Sedimentation
in the Tanzania Rift Sector

2.6

The eastern arm of the EARS extends through
Kenya into northern Tanzania. This is a divergent
rift zone, where the eastern rift transitions from a
single Rift Valley into a broad zone of tilted fault
blocks that radiate a short distance southwards,
thus marked by a ragged termination (Veevers
1981). The EARS is poorly defined south of the
Kenya Rift (Chorowicz 2005). It diverges from a
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single, ca. 50-km-wide rift in southern Kenya to a
ca. 200-km-wide zone in northern Tanzania,
where it comprises three distinct rifts (from west
to east: Natron—Manyara—Balangida,
Eyasi-Wembere, and the Pangani Rifts) with dif-
ferent orientations (N-S-, NE-, and NW-trending,
respectively) (Foster et al. 1997). The individual
rift basins are half graben, bounded by a faulted
rift escarpment on one side and a flexural warp on
the other (Foster et al. 1997). The Natron—Ma-
nyara—Balangida and Eyasi—-Wembere Basins are
shallow (<3 km), and the total extension across
the bounding faults is small; K/Ar age
determinations on basalts from the western rift
basins show that volcanism and sedimentation
began in the area at ca. 5 Ma (Foster et al. 1997).
Maximum basin depths derived from Euler
deconvolution are W. Eyasi, 3.5 km; E. Eyasi,
<2 km; Natron, 3.3 km; Manyara, 2.9 km; and
Balangida <1 km, decreasing to the south in the
Natron—Manyara—Balangida Rift, where faulting
occurs across a broader region (Ebinger
et al. 1997). Subsequent lacustrine sedimentation
at Olduvai Gorge, an incision into a
Plio—Pleistocene succession of volcaniclastic,
fluvio-lacustrine deposits (Hay 1976), and west
of Lake Natron was influenced by minor faulting
(Foster et al. 1997). During the same period, Lake
Manyara was apparently much larger than today,
with sediments composed of interbedded clayey
marls and phosphorites, sometimes intercalated
with thin clays of volcanic origin (bentonites?)
(Schliiter and Kohring 2001). A final major
phase of rift faulting occurred at ca. 1.2 Ma and
produced the present-day rift escarpments (Foster
et al. 1997). Further east, the uplifted flanks of the
Pangani Rift are relict features of several tectonic
uplift events initiated during the Jurassic, with the
final phase of significant tectonic uplift occurring
during the early Tertiary (Mbede 2001).

2.7 Western Rift

2.7.1 Physiographic Features

The western arm begins north of Lake Albert and
continues southwestwards to Lake Edward, and it
then curves south through Lake Kivu and Lake
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Tanganyika and runs southeastwards through
Lake Rukwa, extending south of Lake Malawi
trending from NNE-SSW to N-S (Fig. 2.5). It is
dominated by large boundary faults and an
opposing flexural margin producing mobile
asymmetrical full- and half-graben sedimentary
(fluvio-deltaic and lacustrine) basins. These
basins are typically 80-160 km long, 30-80 km
wide, and individually linked along the rift axis
(e.g. Lezzar et al. 2002). They are frequently
occupied by elongate and narrow, shallow, and
deep lakes (up to 1.5 km deep) separated by
accommodation or transfer zones. The highest
regions rising thousands of metres adjacent to
the graben floor are characterized by volcanic
ranges (e.g. Virunga Volcanic Field) and steep
fault scarps dominated by the Rwenzori
Horst block, whose northeastern foothills are
still connected to the rift shoulder (Figs. 2.5 and
2.6).

2.7.2 Cenozoic Volcano-Tectonic
Framework

From ca. 12 Ma, a shallow downwarp initiated a
basin (Lake Obweruka), which became perma-
nent at about 8—7 Ma when the first major rifting
episode occurred; the rift shoulders became cli-
matically significant around 4 Ma (Aanyu and
Koehn 2011, Pickford et al. 1993). A major tec-
tonic phase for South Kivu is cited at around
10-8 Ma (Ebinger 1989b), with the central and
northern basins of Lake Tanganyika subsiding at
ca. 12-7 Ma and the southern basin at ca. 4-2 Ma
(Cohen et al. 1993). The Malawi Rift started to
subside at ca. 9—-8 Ma, with major rifting occur-
ring north of Lake Malawi between 6 and 4 Ma;
the rift increased in length southwards (Ebinger
1989a; Flannery and Rosendahl 1990). Renewed
uplift around 2.6 Ma partitioned the Albertine
Rift, with further rifting at 14-12 Ka, diverting
the Albert flow northwards into the Nile Basin
(Pickford et al. 1993).

2.7.2.1 Volcanism

Volcanic eruptive centres with more potassic
magmas appear to be located mainly within
accommodation zones, but locally also coincide
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Fig. 2.5 Simplified
location map of the
Western Rift Valley
showing the main lakes and
volcanic centres: TA
(Toro-Ankole), V
(Virunga), SK (South
Kivu), and R (Rungwe)
[adapted from Morley

et al. (1999)]

Fig. 2.6 Panoramic view
of the Western Rift in
western Uganda showing
the rift floor with the
Rwenzori Mountains in the
background (from Mike
Owor)

with border faults and with intra-basinal fissures
often parallel to the border faults (Ebinger
1989a). Initial volcanic activity started at
ca. 12 Ma in the north and at ca. 7 Ma in the
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south and is restricted to the areas of Rungwe,
Virunga, South Kivu, and Toro-Ankole (Ebinger
1989b). A Miocene age (ca. 11 Ma) has been
determined for the onset of the Virunga
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volcanism (Kampunzu et al. 1998), whereas the
Toro-Ankole Volcanoes have been active inter-
mittently during the last 50 ka. This 50 ka period
coincides with a distinct phase of Quaternary
volcanic activity in the South Kivu (Bukavu)
and Virunga Areas (Boven et al. 1998). Late
Quaternary volcanism in the Toro-Ankole and
the Virunga appears to correlate with periods of
tectonic activity in the area (Bishop 1969).

2.7.2.2 Tectonics, Basins, Lakes,
and Sedimentation

The Western Rift is marked by a zone of high
seismicity with over 11,000 events of local
magnitudes from —0.5 to 5.1 and deeper
earthquakes down to 30-40 km (e.g. Lindenfeld
and Rimpker 2011; Morley et al. 1999). Sedi-
mentary deposits underlie the bulk of the West-
ern Rift basin, i.e. a mixture of recent alluvial
material, fluvial deposits, and debris-flow units
(Westerhof et al. 2014). Surface uplift associated
with the formation of the Edward and Albert Rift
basins reversed several major drainage systems,
e.g. Katonga, Kagera, and Kafu Rivers, which
flow bidirectionally (e.g. Kendall 1969). The
Albertine Rift fill is composed of a thick pile
(4-7 km) of terrestrial sediments with volcanic
intercalations in the southern half (Westerhof
et al. 2014). These volcanic flows were divided
into an older (Oligocene—)Miocene suite and a
younger  Plio—Pleistocene—Holocene  suite.
Sediments in the southern part of the Albertine
Rift probably contain a significant proportion of
(reworked) volcanic detritus. From surface and
subsurface observations, the sedimentary succes-
sion is mainly composed of fluvial and lacustrine
deposits, which include a range of lithologies,

e.g. conglomerates, sandstones, mudstones,
cherts, shales, oil shales, and coal-bearing
horizons.

At about mid-Miocene (~12 Ma) time, a shal-
low downwarp caused a basin (Lake Obweruka)
that filled up with fluviatile and evaporitic
deposits named the Kisegi Formation (Pickford
et al. 1993). Lake Obweruka became permanent
when the rate of downthrow exceeded sedimen-
tation rates about 8 to 7 Ma; by about 2.6 Ma, it
separated into smaller lakes due to renewed uplift
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and drier conditions. The Lake Edward Basin has
as much as 4 km of sediments, which suggests a
throw of 7 km from the top of the fault scarp to
sub-lake basement (Laerdal and Talbot 2002).
The Lake George Basin is largely filled up with
lacustrine, alluvial, and fluvial sediments
(Bishop 1969). Based on top and bottom
unconformities of seismic reflections, Lake
Edward, which is connected to Lake George via
the Kazinga Channel, a paleo-river valley incised
into the flexural margin of the lake, has three
depositional sequences (McGlue et al. 2006).
Clastic sedimentation on the flexural margin of
Lake Edward is strongly modified by inflow from
the Kazinga Channel and Lake George during
periods of lowered lake level. These authors fur-
ther suggest that the presence of an incised valley
at the margin of the rift controls the stratigraphic
development of clinoforms diagnostic of
low-stand deltaic sedimentation. The morphol-
ogy and orientation of these clinoforms point to
discharge from Lake George during arid periods
via the Kazinga Channel to transport sediment
towards the exposed flexural margin of Lake
Edward. Dipping reflections in sigmoid—oblique
clinoforms indicate that these flows were capable
of transporting sediment loads that included
coarse grain sizes. Deposition by this process
occurred several times during the late Quaternary
history of Lake Edward and represents an impor-
tant modern analogue for linked incised
valley—lacustrine—delta sequences in the strati-
graphic record.

Ebinger (1989b) cited an age of 5 Ma for
fauna in the sediments of Rusizi Basin, which
overlie basalts, dated at 6.5-5.0 Ma. The terraces
formed by Plio—Pleistocene lacustrine sediments,
for instance, in the eastern Kivu and Rusizi
Basins, indicate that, during this time, rift basins
became narrower due to increased uplift (Ebinger
1989b). The Rukwa Rift is a late Tertiary rift
system superimposed on an earlier Karoo Age
Rift (Morley et al. 1999). Data from two wells
show late Miocene to recent sediments and sandy
fluvio-deltaic deposits or shallow-water lacus-
trine shale. It is further suggested that axial drain-
age into a relatively short rift segment kept the
sediment supply high, hindering the development
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of extensive deep-water lacustrine shale. Lake
Tanganyika has a sedimentary thickness greater
than 4 km. Its central and northern basins started
to subside at ca. 12-9 Ma and ca. 8—7 Ma, respec-
tively, and the southern basin at ca. 4-2 Ma
(Cohen et al. 1993). The basin is subdivided
into two subbasins, separated by the transverse
Mahali Shoal, which is an active structure
located on the Ubende Shear with the deep lake
basin mainly developed outside the Ubende Belt
(Klerkx et al. 1998). Resulting slope variations
due to hypothesized magmatic underplating
within the upper drainage basin of north
Tanganyika induced strong variations of sedi-
mentary fluxes between the main axial sediment
source in the Kivu Rusizi area and the distal
depocentres by creating sediment bypass zones.
This resulted in the preferential infilling of the
most distal depocentres (Lezzar et al. 2002).

High-resolution, airgun-sourced  seismic
reflection surveys over the offshore regions of
five river deltas in Lake Malawi Rift reveal con-
siderable variability in acoustic facies and strati-
graphic architecture (Scholz 1995). This
variability can largely be attributed to the
influences of different structural settings and to
a lesser degree to high-amplitude (100400 m)
and high-frequency (1000-100,000 years)
fluctuations in lake level. Deltas on flexural and
axial margins in the rift lake show well-
developed progradational geometries. In con-
trast, a delta on a steep, accommodation zone
margin distributes coarse sediments over a
broad depositional apron, rather than
concentrating sediment in discrete
progradational lobes as on the other deltas. A
large border fault margin river delta contains
several delta-associated facies, including
prograding clinoform packages, fan deltas
stacked against a boundary fault, and extensive
subaqueous fans. Flexural margin low-stand
deltas may be the most prospective for hydrocar-
bon exploration due to their large, internally
well-organized, progradational lobes and their
close proximity to deep-water, high-total organic
carbon lacustrine source facies.
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2.7.2.3 Saline Lakes

Lake Katwe, with an area of about 2.5 kmz, is the
largest of eight saline alkaline soda explosion
Crater Lakes in the Katwe volcanic field (Morton
1969). Evaporites interbedded with clays extend
down at least 40 m below the central part of the
lake. Trona and subordinate burkeite are the
main evaporite minerals present, with lesser
contents of halite and hanksite. Saline springs
around the edge of the lake discharge water
containing from about 0.5-4 % solutes, which
is considered to add about 2000 tons of salts to
the lake each year and to be the main source of
the salts in the lake. Travertine is associated with
many of the springs, and conspicuous mounds of
this material are visible at the northeastern end of
the lake. These mounds rise 18 m above the
present shoreline and were probably formed
around springs during an earlier period of higher
lake level. Varved chalky beds nearby appear to
be contemporaneous with the mounds, and fossil
reeds from the base of the varved beds have been
dated at 11,000 years B.P. While giving a mini-
mum age for the lake, the dated reeds also sug-
gest that the Katwe Crater was one of the earlier
ones in the volcanic field. Tuffs from the mouth
of the Semliki River to the west are known, from

radiocarbon dating, to be less than 8000
years old.
2.8  Overview of Paleoclimatic

Records in the EARS

Burke and Gunnel (2008) discussed the geomor-
phology, tectonics, and environmental evolution
of Africa and suggested that the topographic
development and the unique geomorphic features
resulted from tectonic processes, which have
impacted the African Plate since Jurassic time
(180 Ma). One of those geomorphic features
was the early Oligocene Afro-Arabian
low-elevation and low-relief topography that
prevailed prior to the arrival of the Afar Plume
in the late Oligocene (31 Ma) and eventually led
to the uplift and doming of the Afro-Arabian
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region (Burke and Gunnel 2008). Climate
models and sedimentary records indicate that
the Afro-Arabian doming radically influenced
the local and regional climate of eastern Africa
(Maslin et al. 2014; Prommel et al. 2013; Sepul-
chre et al. 2006; WoldeGabriel et al. 2009).
According to Sepulchre et al. (2006), atmo-
spheric and biosphere simulations revealed that
the doming of eastern Africa altered wind-flow
patterns, causing strong aridification and envi-
ronmental changes during the late Neogene.
Prommel et al. (2013) suggested that tectonic
forcing as well as changes in the Earth’s orbital
processes strongly influenced climate and precip-
itation in Africa based on regional and global
simulations of coupled ocean—atmospheric gen-
eral circulation models. According to the authors,
altered moisture transport due to orbital forcing
had a strong impact on precipitation in large parts
of Africa during the last interglacial
125,000 years ago.

Within the Afar Rift, sedimentological, paleo-
biological, and paleosol stable isotope data indi-
cate wet and humid woodland forests prevailing
during the late Miocene to early Pliocene
(WoldeGabriel et al. 2001, 2009). During the
Plio—Pleistocene (<4.0 Ma), paleoenvironmental
conditions evolved to open and drier conditions
with time. This was due to tectonic forcing
related to subsidence of the rift floors and uplift
of the rift escarpments and adjacent highlands.
Other factors such as sporadic large-volume vol-
canic eruptions within the Afar Rift and the
MER, regional effects from sea-surface tempera-
ture fluctuations in the adjacent seas and ocean
(i.e. Red Sea, Gulf of Aden, and Indian Ocean),
and global effects associated with glacial and
interglacial cycles also played a role (Clark
et al. 2003; de Heinzelin et al. 1999; de Menocal
2004; de Menocal and Bloemendal 1996; White
et al. 1993). Climatic data from late Pleistocene
sedimentological records collected in the south-
western (Omo Basin) and northeastern (SW Afar
Rift) parts of Ethiopia suggest rapid accumula-
tion of sediments when ancestral Lake Turkana
and Yardi Lake, respectively, were at much
higher lake levels than at present. This is consis-
tent with cooler and much wetter conditions
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associated with African monsoons during marine
isotope stage (MIS) 6 (190,000-130,000 years
ago) (Ayalon et al. 2001).

Sediments from shallow lakes within the Ethi-
opian Rift System and the adjacent highlands
also provide information about Holocene cli-
matic conditions in eastern Africa. For example,
cores from a rift-bound shallow lake within the
central sector of the MER indicated an early to
middle Holocene (12,000-5400 calibrated years
before present) wet episode in the region (Chalie
and Gasse 2002).

In the Kenya Rift, the hydrology of the basins
is mainly influenced by climate, tectonically con-
trolled morphological and volcanic barriers,
faults, and local water table variations (Bergner
et al. 2009; Clark et al. 1990; Olago et al. 2009).
These lakes have been very sensitive to climate
changes and variability throughout the
Plio—Pleistocene (Maslin et al. 2014; Olago
et al. 2007; Street-Perrott et al. 1989; Trauth
et al. 2005, 2007). Olaka et al. (2010) explored
some of the factors behind the differential
sensitivities of the East African rift lakes to past
climate changes and found that these can partly
be related to morphometric differences arising
from their tectono-volcanic histories and not cli-
matic factors alone. Lake sediments in the EARS
rift basins suggest that there were three humid
periods at 2.7-2.5 Ma, 19-1.7 Ma, and
1.1-0.9 Ma. These were superimposed on the
longer-term aridification of East Africa and
corresponded, respectively, to intensification of
the Northern Hemisphere Glaciation, to an
important intensification and shift in the
east—west zonal atmospheric circulation—the
Walker Circulation (Table 2.1); and to the shift
from glacial/interglacial cycles every
41,000 years to every ca. 100,000 years (Trauth
et al. 2005). A most recent compilation of the
relationship between tectonics, climate, and
paleolake occurrences is provided in Maslin
et al. (2014), building on the compilations by
Trauth et al. (2005, 2007). Here, we highlight
selected examples, focusing on the Pleistocene—
Holocene periods. The lacustrine phase in
paleolake Suguta from 1 to 7 Ma (Dunkley
et al. 1993; Junginger et al. 2013) seems to
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2 Genesis of the East African Rift System

correlate with large lakes in other basins of the
EARS (Trauth et al. 2005, 2007). Tiercelin and
Lezzar (2002) summarize various studies that
indicate a large rift lake existed in Baringo from
about 700 ka to less than 200 ka (Cornelissen
et al. 1990; Tallon 1976, 1978). Evidence from
the vertebrate fauna (Tallon 1978) and the sedi-
ment mineralogy from rare outcrops (Renaut
1982; Renaut et al. 1999) indicate that the
Kapthurin paleolake was alternatively fresh or
saline/alkaline. It started to retreat by ~200 ka,
resulting in the development of a wide alluvial
plain and the permanence at the northern end of
the basin of a small lake prefiguring the present-
day Lake Baringo (Fig. 2.4). Other large and
quite deep lakes developed in the Kenya Rift
during middle to upper Pleistocene including
the Nakuru—Naivasha and the Suguta Basins
(Tiercelin and Lezzar 2002). In the Olorgesailie
Basin farther south, Owen et al. (2008, 2009,
2011) found evidence of five phases of deep-
water and eleven periods of shallow-water lacus-
trine sedimentation from about 1.2 Ma to present.

The lacustrine sedimentary record in the rift
lakes and other sites indicates that the changes in
precipitation in eastern Africa are driven by the
precession cycle of 23,000 years (Olago
et al. 2007; Trauth et al. 2001) and its higher
precession harmonics (Olago et al. 2000). The
best-studied period is the late Pleistocene to
Holocene: high lake levels have been recorded
for several lakes in eastern Africa at
ca. 10,000 years BP (e.g. Street-Perrott
et al. 1989). In contrast to the essentially dry
present-day conditions in the Suguta Valley,
which contains only the shallow, highly alkaline,
seasonal Lake Logipi at its northern end, during
the AHP the valley contained a large lake (paleo-
Lake Suguta) that covered 2200 km” and was
almost 300 m deep (Garcin et al. 2009; Junginger
and Trauth 2013). Lake Suguta overflowed into
the Lake Turkana Basin through an overflow sill
located at an elevation of 570 m above sea level
in the south of the western escarpment, via the
Kerio River, at least from 13 to 8.5 cal ka BP,
probably interrupted during transient low-stand
periods (Garcin et al. 2009, 2012). It was earlier
thought that, at this time, Lakes Nakuru,
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Elementaita, and Naivasha may have united to
form a single, deep, freshwater lake (Richardson
and Richardson 1972), but more recent evidence
suggests that Lake Naivasha was not connected
with the Nakuru—Elementaita Basin by surface
water but by subsurface linkages (Diihnforth
et al. 2006). In comparison with the present-day
lake, the paleo-Lake Naivasha at 9000 years BP
was three times larger and 150 m deep (versus
9 m for the present-day lake; Bergner
et al. 2003). The early Holocene increased pre-
cipitation phase is related to a number of factors.
These include globally rising temperatures, CO,,
and CH, partly related to orbitally controlled
changes in solar irradiation (e.g. Chappellaz
et al. 1993; Dansgaard et al. 1993, GRIP 1993;
Taylor et al. 1993), a significantly higher P:E
ratio as compared to today (Bergner et al. 2003,
2009), and a northeastward shift in the Congo Air
Boundary (CAB) caused by an enhanced atmo-
spheric pressure gradient between East Africa
and India during a Northern Hemisphere insola-
tion maximum (Junginger et al. 2013).

From about the late Miocene, increased uplift
and differential warping in the Western Rift led
to a relative depression producing a deep graben
that formed the paleolake Obweruka in the West-
ern Rift zone (Doornkamp and Temple 1966).
Paleolake Obweruka was then cut into half by
the upthrusting of the Rwenzori Horst, gradually
initiating the formation of Lakes Edward and
Albert in around the late Pliocene. Differential
warping and uplift parallel to the Western Rift
escarpment overcame westward river incision
and direction, which after progressive aggrada-
tion was reversed. Several authors have
demonstrated that during the last glacial maxi-
mum (ca. 20 ka), most of the major lakes in the
region were hydrologically closed waterbodies
(e.g. Kendall 1969; Talbot et al. 2000). Johnson
et al. (1996) proposed that Lake Victoria was at
least 65 m below its present level at the end of the
last glaciation (15-17 ka). This supports the
detection of the chemical concentration of calcite
in lakebed sediment cores, which characterizes a
closed or shallow basin prior to ca. 12.5 ka
(Kendall 1969). Paleoenvironmental indicators
preserved in lake sediments suggest rapidly
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rising lake levels during the late Pleistocene, and
both Lakes Victoria and Albert were filled up by
ca. 10-12 ka (Talbot et al. 2000). By 11.5 ka, it
has been inferred from fossil remains that an
integrated drainage network similar to the pres-
ent one was already in existence. Based on 'St/
86gy isotopic data, Lake Victoria must have
overflowed no later than this period. Kendall
(1969) used 8'*C and Beuning et al. (2002)
used cellulose 8'%0 in sediment cores to place
the transition from closed to open-basin
conditions following the desiccation of the last
glacial maximum at ca. 12.5-13 ka. Further evi-
dence for a short period of Lake Victoria fall and
low floods in the White Nile directly before
ca. 10 ka suggests that the network had been
almost certainly episodically disrupted; its level
is controlled largely by down cutting of the
Victoria—Nile outlet (Kendall 1969; Talbot
et al. 2000).

2.9 Discussion

The EARS is a Cenozoic analogue of the major
tectonic forces and associated magmatic pro-
cesses that repeatedly impacted the African
Plate along its eastern part during the Mesozoic.
The African Plate was strongly influenced by
geodynamic processes related to its divergent
plate margins, which caused the relatively slug-
gish motion of the plate since the Jurassic
(150 Ma), while the underlying mantle induced
magmatic upwelling that triggered major events,
including the break-up and separation of
Gondwana and related episodic volcanism dur-
ing the later part of the Mesozoic (Burke 1996;
Gaina et al. 2013 and references therein). During
the Cenozoic, tectonic forces related to the Afar
Plume caused uplift and doming followed by
widespread and voluminous volcanism. This
culminated in the formation of the EARS and
the subsequent break-up and splitting of the Ara-
bian Plate during the early Miocene (ArRajehi
et al. 2010; Ebinger and Sleep 1998). The EARS
started in the Red Sea—Afar Rift region in the
Miocene and is thought to have gradually
propagated in a southwesterly direction, creating
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distinct rift basins along the eastern continental
part of the African Plate.

During the Plio—Pleistocene, the EARS
appears to have transitioned from plume-
powered to passive upwelling-driven volcano-
tectonic processes. These were responsible for
the narrowing and segmentation of the axial rift
zone with time, which may be a prelude to a
continental break-up (Buck 2006; Hammond
et al. 2013). The EARS was initially controlled
by older structural elements that resulted in broad
and shallow symmetrical and half graben. With
time, however, the diffused volcano-tectonic
processes progressively transitioned to a narrow
belt marked by a strongly fractured and faulted
zone, containing densely packed basaltic and
silicic volcanic centres and associated calderas.
In Ethiopia, there is a trend in tectonic and vol-
canic intensity and frequency from the proto-
oceanic Afar Rift in the north to the continental
rift of broadly rifted half grabens in the south.

In Kenya the influence of axial doming is
evident during mid- to late-Miocene time as
shown by the radial flow patterns of the initial
phonolites (Vedkamp et al. 2012; Wichura
et al. 2010) and paleontological data (Wichura
et al. 2015). Furthermore, the geometry of the rift
in this sector is closely controlled by pre-existing
structures in the underlying Mozambique Mobile
Belt. Faulting alternated with volcanism, with
the centre of activity shifting with time from the
boundary faults towards the axial region. As a
result of the rifting, a number of lakes of differ-
ing sizes and depths have developed in this area
through geological time. Today, more than
35 lakes lie in these depressions, having varied
morphological, geological, physical, chemical,
and biological characteristics (Tiercelin and
Lezzar 2002). Rifting, uplift, and volcanism pro-
duced geomorphic changes that locally to region-
ally affected the climate. Coupled with the
reorganization of global weather systems and
the sensitivity of these lakes to orbitally and
intrinsically driven climatic changes, the lake
basin sediments offer a wealth of data on the
paleohydrology and paleoenvironmental
conditions of the region from the Pliocene to
present.
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The Western Rift was initiated in late Mio-
cene at an area of thinner and weaker mobile belt
lithosphere with Paleo—Proterozoic cover west of
the strong Tanzania cratonic lithosphere margin
and propagated northwards as the southward-
propagating Eastern Rift reached the Craton
(Nyblade and Brazier 2002). Two dominant
extensional stress regimes, i.e. WNW-ESE and
ENE-WSW (Aanyu and Koehn 2011), have a
strong basement control (Tiercelin et al. 1988)
with along-axis segmentation being a result of
northward and southward along-axis propagation
of rift-border-fault segments, thereby linking
originally isolated basins (Ebinger 1989b). Vol-
canism was initiated southwards from ca. 12 Ma,
with more potassic magmas located mainly
within accommodation zones, although locally
also coinciding with border faults and intra-
basinal fissures often parallel to the border
faults (Ebinger 1989b). The volume of Western
Rift volcanic products differs markedly from
the Eastern Rift and ranges from 2000 to
100,000 km3, which is spread over a number of
isolated volcanic provinces of limited extent,
representing the only volcanic centres
(e.g. Toro-Ankole, Virunga, Kivu, and Rungwe)
over a distance of 1200 km (Westerhof
et al. 2014 and references therein). The bulk of
the Western Rift is underlain by sedimentary
(lacustrine, alluvial, and fluvial) deposits of vary-
ing thicknesses; the Albertine Rift fill has a thick
pile (47 km) of terrestrial sediments with volca-
nic intercalations (Westerhof et al. 2014). The
Lake Edward Basin has sediments (up to 4 km),
whereas the Lake George Basin is characterized
by largely shallow sediments (e.g. Laerdal and
Talbot 2002); Kivu and Rusizi lacustrine
sediments overlie basalts (Ebinger 1989b). The
Rukwa Rift has late Miocene to recent sediments
and sandy fluvio-deltaic deposits or shallow-
water lacustrine shales (Morley et al. 1999).
The Tanganyika Rift has a mixed sedimentary
thickness greater than 4 km (e.g. Cohen
et al. 1993), while the Malawi Rift has river
deltaic sediments of considerable variability in
stratigraphic architecture (Scholz 1995).
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2.10 Conclusions

Despite major rifting and subsidence within the
continental interior in the Mesozoic Era, the
EARS formed along the eastern part of the Afri-
can Plate beginning in the middle Tertiary. Why
the EARS formed along the eastern continental
margin probably has to do with the major tec-
tonic forces that triggered the separation and
drifting of East Gondwana from the African
Plate and the subsequent rise of the Réunion
Plume in the late Cretaceous, which had a cou-
pled tectonic effect on the African and Indian
plates. By the early Tertiary, the Afar Plume
encroached the lithosphere beneath what are
now the Red Sea and the Afar Rifts, instigating
lithospheric thinning, regional doming, and the
initial eruptions of Eocene flood basalts in south-
ern Ethiopia. Volcanism in the Afro-Arabian
Dome peaked in the late Oligocene to early Mio-
cene and was followed by rifting and the break-
up and drifting of the Arabian Microplate and the
opening of the oceanic Red Sea and the Gulf of
Aden Rifts. Today, the Afar Rift represents a
proto-oceanic floor and continues to propagate
to the continental sector of the MER, which is
characterized by magma-assisted rifting and
segmentation.

The present morphology of the eastern arm of
the EARS is a result of a sequence of closely
related events that include domal uplift, tecto-
nism, faulting, volcanism, erosion, and sedimen-
tation. Faulting and volcanism alternated with
each other, with the centre of these two activities
shifting with time from the flanks to the axial
zone of the rift.

The Western Rift is marked by a zone of high
seismicity and is dominated by large boundary
faults and an opposing flexural margin. These
produced mobile asymmetrical full and half-
graben sedimentary basins that are individually
linked along the rift axis, separated by accommo-
dation or transfer zones. The Western Rift was
initiated in the late Miocene and propagated
northwards as the southward-propagating Kenya
Rift reached the Tanzanian Craton. Isolated



52

volcanic centres of limited extent include south-
wards syn-rift late Pliocene to recent volcanic
fields (Toro-Ankole) and older, pre-rift, Oligo-
cene to Miocene volcanic fields (Virunga, Kivu,
and Rungwe). The Western Rift is largely
underlain by sedimentary (fluvial, alluvial, and
lacustrine) deposits of varying composition and
thickness.
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Abstract

The altitudes of the saline lakes in the East African Rift System (EARS)
vary from below sea level in the Danakil Depression (—155 m) to 2000 m
in the Ethiopian highlands; most lakes are located above 1000 m. These
lakes are among the largest (Turkana) and deepest (Shala) saline lakes in
the world, though many formed by volcanism or lahars are small. High
concentrations of phytoplankton or suspended sediments lead to high light
attenuation, with Secchi visibilities usually less than 1 m. In the shallow,
saline lake strong stratification usually develops during the day with
mixing to the bottom at night. Seasonal variations in stratification and
mixing have been observed in the deep lakes. Topography alters winds
and mixing in lakes within volcanic craters. Chemically stratified, saline
lakes occur throughout the EARS, and meromixis was documented in
Lake Sonachi. Seasonal variations in thermal stratification and horizontal
and vertical gradients in salinity occur in Lake Turkana. Only brief visits,
occasional year-round studies and long lapses in the study of soda lakes of
the EARS leave large gaps in our understanding of temporal variations in
their limnology and their responses to climatic and human-caused changes
in their hydrology.
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3.1 Introduction

Physical characteristics of lakes include their
location, altitude, area and depth, optical
conditions and stratification and mixing. These
characteristics reflect geologic and climatic his-
tory and influence ecological and chemical
features of the lakes. We examine the physical
characteristics of East African soda lakes
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(EASL) by summarizing the available literature
and offering perspectives based on current under-
standing of physical processes. Data on hydrody-
namics of these lakes are scarce and largely
based on studies in the 1970s and 1980s.

The semiarid EARS extends from northern
Tanzania into the Danakil Depression in Ethiopia
and Djibouti. Tectonic and volcanic activities
have formed the lake basins (Table 3.1). Small
lakes within volcanic craters are scattered
throughout and include the Basotu lakes
(Tanzania; Downie and Wilkinson 1962) and
Bishoftu lakes (Ethiopia; Prosser et al. 1968).
The Momela Lakes were formed by a lahar that
originated on Mt. Meru (Tanzania; Hecky 1971).

J.M. Melack and S. MacIntyre

Both broad, shallow lakes and large, deep lakes
occupy tectonic basins.

No rivers flow to the ocean from the EARS;
hence, the lakes are within endorheic basins. As a
consequence, most of the lakes are saline
because solutes are concentrated by evaporation,
and the lakes vary considerably in depth, size and
salinity as a function of variations in rainfall.
These variations occur seasonally, interannually
and over longer time periods. Early geological
and archaeological expeditions noted relict
shorelines above the extant lakes, and subsequent
analyses based on radiocarbon dating of sedi-
ment cores and use of microfossils to infer
salinities and water levels indicated a wetter

Table 3.1 Morphometric characteristics of lakes and mode of origin of basin

Name Altitude (m asl)  Area (km?) Mean depth (m) Maximum depth (m)  Basin origin
Assal™® —155 54 7.4 40 Tectonic

Abhe® 240 350 8.6 37 Tectonic
Arenguade® 1900 0.54 18.5 32 Volcanic crater
Kilotes® 2000 0.77 2.6 6.4 Volcanic crater
Biete Mengest® 1850 1.03 17.5 38 Volcanic crater
Bishoftu® 1870 0.9 55 87 Volcanic crater
Pawlo® 1870 0.6 38 65 Volcanic crater
Chitu® 1600 0.8 21 Volcanic crater
Shala™ 1558-1567 329-409 88 266 Tectonic
Abiyata® 1578 176 7.6 14 Tectonic
Langanob 1582 241 17 48 Tectonic
Turkana® 427 8860 28 106 Tectonic
Bogoriaf’g 963 33 54 9 Tectonic fault scarp
Nakuru" 1759 3649 0.4-3.6 0.64.6 Tectonic
Elmenteita’ 1776 20 0.7-1.1 0.85-1.35 Tectonic
Sonachi' 1891 0.18-0.16 3.8-4.0 6.1-7.0 Volcanic crater
Oloidien’ 1890 5.5 5.6 8.4 Tectonic
Magadi® 660, 633 108 Tectonic
Magadk 1722 17 2 Volcanic caldera
Manyara® 960 413 3.7 Tectonic fault scarp
Natron® 675 1000 Tectonic

Eyasi® 1030 1050 Tectonic
Reshitani* 1448 0.2 29 Lahar

Big Momela* 1448 0.9 31 Lahar

Embagai' 75 Volcanic crater
Tulusia' 13 Lahar
Lekandiro' 11 Lahar
Gidamuniud"™ 1600 0.02 9 Volcanic crater

Sources: (a) Serruya and Pollingher (1983), (b) Wood and Talling (1988), (c) Prosser et al. (1968), (d) Melack (1983),
(e) Spigel and Coulter (1996), (f) Melack et al. (1981), (g) World Lake Database (1999), (h) Vareschi (1982), (i) Melack
(1976), (j) Gaudet and Melack (1981), (k) Melack and Kilham (1974), (1) MacIntyre and Melack (1982), (m) Kilham

and Cloke (1990)
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climate in the early to mid-Holocene
(Livingstone 1975; Halfman and Johnson 1988;
Street and Grove 1976; Verschuren 1996).

3.2  Morphometry

Morphometric data are available for only a sub-
set of EASL (Table 3.1; see Schagerl and Renaut,
Chap. 1). Given the changes in water level
caused by variations in rainfall and evaporation,
the morphometric data summarized in Table 3.1
represent only depths and sizes when the lakes
were studied. The altitudes of the lake surfaces
vary from below sea level in the Danakil Depres-
sion (—155 m) to 2000 m in the Ethiopian
highlands; most lakes are located above
1000 m. Melack (1981) provides a compilation
of tropical soda lakes throughout Africa with
morphometric divisions as shallow (<2 m), inter-
mediate depths (between 2 and 15 m) and deep
(>15 m) and as small (<5 km?) and large
(>5 km?).

Several EASL are among the largest and
deepest saline lakes in the world, although they
are not listed as such in Hammer (1986). With
the Aral and Caspian Seas excluded, Lake
Turkana would be within the top five by area
and top ten by depth; Shala (Ethiopia) would be
within the top five by maximum and mean depth.
In contrast, the volcanic crater lakes and those
formed by a lahar are small (0.015-1.03 kmz),
though can be fairly deep (up to 87 m, Bishoftu,
Ethiopia).

3.3 Optical Conditions

The EASL often have high concentrations of
phytoplankton or suspended sediments, leading
to high attenuation of incoming light with several
limnological and ecological implications. Ther-
mocline depth, vertical nutrient fluxes, rates of
photosynthesis and predation rates are all related
to penetration of light through the water column.
We summarize estimates of underwater transpar-
ency made with Secchi discs and attenuation of
light measured with underwater sensors.

Photosynthetically available radiation (PAR,
400-700 nm) was measured with a filtered,
cosine-corrected silicon photodiode (Biggs
et al. 1971). Light attenuation was determined
in three spectral regions (495, 540 and 650 nm;
50 % bandwidth was 75, 50 and 75 nm, respec-
tively) with filtered photoresistors and ohmmeter
(Melack and Kilham 1974) or in four spectral
regions (460, 540, 630 and 685 nm) with filtered
selenium barrier-layer Sensors and
microammeter (Talling et al. 1973). The visual
colour apparent to a human observer was also
noted, and turbidity, expressed as Jackson Tur-
bidity Units (JTUs), was measured with a Hach
DR-EL portable instrument. JTUs are an inverse
measure of the length of a column of water
needed to completely obscure a light source
viewed through it, i.e., the lower the value, the
clearer the water.

Among the EASL, Secchi disc visibilities
varied from 0.1 to 1.0 m with the exception of
Lake Turkana (Table 3.2). The abundant phyto-
plankton common in these lakes is a primary
and persistent cause of the shallow Secchi disc
visibilities as indicated by Jenkin’s (1936)
observation at Lake Nakuru in 1929 matching
those in the 1970s. P. Kilham (personal commu-
nication), as part of his chemical survey of
Africa lakes (Kilham 1971), recorded turbidites,
as JTUs, in several eastern Rift Valley saline
lakes: Big Momela (58), Lekandiro (115),
Tulusia (34), Reshitani (40), Small Momela
(44) and Embagai (40). All these values are
high and indicative of the suspended particles,
most likely phytoplankton based on visual
observations.

As noted by Talling et al. (1973), in very dense
suspensions of phytoplankton, such as those found
in Ethiopian lakes Arenguade and Kilotes, it is
difficult to obtain high accuracy in measurements
of underwater light. Even so, the attenuation
coefficients reported for these two lakes are
extraordinary (Table 3.2). Other lakes with abun-
dant phytoplankton had attenuation of PAR or
visible wavelengths usually 1 and 10 m™'. The
very high attenuation in Lake Manyara was caused
by suspended sediments. The elevated attenuation
values enhance the heating of the water by
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Table 3.2 Secchi disc visibility (m), underwater light attenuation (m™ ") and visual colour

Lake Secchi PAR 460 495
Arenguade® - - 110 -
Kilotes® - - 30-50 -
Shala® - - 3 -
Abiyata® - - 95 -
Langanob - - 8.5 -
Turkana® 1-4.8 - - -
Bogoria®® 0.28-0.60 - - -
Nakuru® 0.15 - - 10
Nakuru® - 3.6-17.0 — -
Elmenteita’ 0.17 - - 7
Elmenteita®™  0.12-1 1.9-3.6 - -
Elmenteita® 0.15 9.2 - -
Sonachi®" 0.3-0.55 1.9-35 - -
Oloidien’ 0.5-1.0 1324 - -
Magad" 0.1 - - 4
Manyara - - - 16
Reshanti® - - - 4
Big Momela"  0.25 - - 4
Embagai® - - - 1.8
Gidamuniud® - — — 1.2

540 630 650 685 Visual colour
60 30 - 25 Green

10-20 820 - 7-18  Green

1.3 1 - 1 Clear

4.6 4.8 - 4 Green

6.5 3.1 - 3 Reddish brown
12 - 15 - Green

- - - - Green

9 - 30 - Green

- - - - Green to yellow
- - - - Green

2.3-38 - - - Yellowish green
1.7-29 - - - -

4 - 4 - -

100 - 80 - -

5 - 7 — Green

6 — 5 — Green

2.6 - 2.5 - -

1.1 - 0.9 - -

Sources (a) Talling et al. (1973), (b) Wood et al. (1978) (estimated from Fig. 3.2), (c) Killgvist et al. (1988), (d) Melack
(1981), (e) Melack et al. (1981), (f) Melack and Kilham (1974), (g) Vareschi (1982), (h) Melack (1982), (i) Melack
(1976), (j) Melack (1979), (k) P. Kilham, personal communication

insolation, with concomitant strong stratification
during the day.

3.4  Stratification and Mixing

The EASL are generally warm, including those
in highlands of Ethiopia. At temperatures near
and above 20 °C, warming of the upper waters in
the day and cooling at night cause appreciable
changes in density and lead to pronounced cycles
of diel stratification and mixing. The high evap-
oration at warm temperatures contributes to sur-
ficial cooling and nocturnal convective mixing.
Furthermore, since seasonal variations in temper-
ature are slight, temperature gradients between
surface and bottom waters are not large. As a
result, shallow lakes are usually polymictic with
daily or frequent stratification and mixing to the
bottom. Seasonal stratification occurs in deep
lakes. General reviews of stratification and
mixing in tropical lakes are provided in Beadle
(1981), Livingstone and Melack (1984),

MaclIntyre (2012, 2013), Talling and Lemoalle
(1998) and Spigel and Coulter (1996), and a
more comprehensive discussion is in Maclntyre
et al. (2002, 2014).

3.4.1 Shallow Lakes

In shallow, saline lakes, strong stratification usu-
ally develops during the day with mixing to the
bottom at night (Melack 2009; Melack and
Kilham 1974; Vareschi 1982). Time-series
observations in Lake Elmenteita, Kenya
(Fig. 3.1), obtained over 13 months, indicate a
high degree of predictability, based on informa-
tion theoretic indices, in stratification dynamics
(Melack 2009).

As the wind passes across the surface of a
stratified lake, the thermocline usually tilts, and
velocity shear develops within it. Whether shear-
induced instabilities will form in the thermocline
and become turbulent can be predicted from the
Richardson Number, Ri= —g p ' (8p/52)
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Fig. 3.1 Lake Elmenteita with evaporative soda deposits in foreground. Photograph by J. Melack, June 1973

(8u/dz) "% where g is gravity, p is density, u is
velocity and z is depth. If Ri drops below 0.25,
the fluid will become turbulent and mix. In one of
the few analyses of Ri for a tropical lake,
MacIntyre (1981) and Maclntyre and Melack
(1995) report vertical profiles of current speeds,
measured with a warm-bead thermistor sensor
(MacIntyre 1986), and temperature in Lake
Nakuru. Temperatures taken through the day
document morning stratification followed by
afternoon and evening mixing, as expected from
previous studies noted above. The stability of the
stratification, determined from the Brunt-Vaisald
frequency, N> = —g p~ ' 8p/dz, indicated strong
stratification during portions of the day. Temper-
ature fluctuations in the stratified regions
suggested high-frequency internal wave motions.
Currents, measured on November 29, 1976, at
0.07, 0.11, 0.37 and 0.95 m, were less than
2.5 cm s~ ' except at 0.11 m. At 0.11 m, they
were highest at noon, reaching 5 cm s~ ', and
decreased throughout the afternoon. Richardson
numbers were either negative, implying heat-
loss-augmented wind mixing due to winds of
35ms! during the afternoon, or close to the
critical value for turbulent mixing above the
thermocline and much larger than the critical

value across the thermocline. The high values
imply reduced flux between the upper and
lower water column during the day. The persis-
tent stratification enabled anoxia to develop in
the lower water column during the day, which
would then enable phosphorus to be in ionic form
and support growth of autotrophs. The reduced
mixing also enabled buoyant Cyanobacteria to
control their vertical position in the water
column.

Intermittent winds can induce surface seiches.
Based on the morphometry of Lake Nakuru,
Vareschi (1982) calculated a theoretical period
of ~1.3 h. Following a windy period, an auto-
matic stage recorder documented a period of
1.1 h and an amplitude of 4.5 cm. While
conducting diel measurements at Lake
Elmenteita, occasional solitary, surface waves
of ~10 cm amplitude were observed. We
inferred that these waves were surface seiches.

3.4.2 Crater Lakes

Prosser et al. (1968) noted that the variation in
the height of the crater rim surrounding a crater
lake is likely to influence the extent to which
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wind reaches the lakes and moderates stratifica-
tion and mixing of the water. Subsequently,
Melack (1978) proposed an index of the expo-
sure to wind-induced mixing as the ratio D H™",
where D is the maximum diameter of the lake
and H is the minimum height of the crater rim
above the lake. Wind is an important factor, as
the energy imparted to a lake by wind causes
currents and shear and internal and surface
waves, and contributes to evaporative cooling
and convective mixing. The ratio explained
31 % of the variation in the depth of anoxic or
hypoxic water measured in a number of African
crater lakes. Scatter in the relation is expected
given the multiple processes that determine strat-
ification and because mixing depth can vary on
timescales from hours to months to years.
Stratification and mixing in the upper waters
of tropical crater lakes occur on a diel basis
(MaclIntyre 1981; Melack 1976, 1982; Talling
et al. 1973). Within sheltered Lake Sonachi
(Fig. 3.2), diurnal heating occurred in the upper
metre with cooling restricted to the upper 3 m in
May 1973 (Fig. 3.3). The extent of heating and
cooling offshore varied with solar radiation,
wind speed and its timing during day and night,

light attenuation and lateral transport due inshore
and offshore differences in temperature. For
example, on November 1 and 2, 1976, daily
insolation was 356 and 321 W m ™2, respectively.
Underwater attenuation of PAR was 3 mfl;
hence, the 1 % light level was at 1.5 m. Wind,
measured on a mid-lake platform (Fig. 3.4),
ranged from 0.5 to 7.5 m s~ ' with significant
diel variations (Fig. 3.5). Crater walls rise 33 to
117 m above the lake (Fig. 3.6), and the lake-
shore is fringed by Acacia xanthophloea trees.
As the lake heated in the morning, thermal strati-
fication developed and peaked in mid-afternoon
with temperatures differing by as much as 4 °C in
the first metre (Fig. 3.7). After nocturnal cooling,
stratification was minimal around dawn. Temper-
ature oscillations in thermally stratified regions
ranged in amplitude from 0.05 to 1.60 °C and
probably indicate short-period internal waves.
By late afternoon, cooler temperatures occurred
near the surface than in the water below; these
decreases are indicative of surficial cooling lead-
ing to convective mixing. Thermal stability, cal-
culated according to Idso (1973), was least in the
early morning and increased with increases in the
lake’s heat content (Maclntyre and Melack

Fig. 3.2 Lake Sonachi in foreground; only the southern portion of the volcanic crater around Lake Sonachi is shown.

Aerial photograph by J. Melack, January 1971
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Fig. 3.3 Time-depth diagram of temperature in Lake Sonachi, 5-7 March 1973. From Melack (1976)

Fig. 3.4 Resecarch platform with mast for current sensors and pole for wind sensor and housing for recorder, Lake

Sonachi. Photograph by J. Melack, November 1976

1982). On November 1, mid-afternoon (1420 h),
thermal stability was 8.7 J m~2 and on November
2 at 1500 h was 10.5 T m .

Conditions in Lake Sonachi in the morning
and early afternoon indicate that most of the
turbulent kinetic energy imparted by the wind
was consumed by work against the buoyancy

produced by solar heating. In other words, stable
stratification and Richardson’s numbers between
0.05 and 100 developed during morning and
early afternoon despite morning winds reaching
6 m s '. In fact, the strongly stratified region
reached the surface (Maclntyre 1981). Brunt-
Viisild frequencies were high (0.03-0.12 s~ ')
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Fig. 3.5 Wind speeds (m s~ "),
Lake Sonachi, November 1-2,
1976. Wind speeds were
measured mid-lake, 1.9 m
above the water with a 3-cup
anemometer and chart recorder
and averaged for 15-min
periods. From Maclntyre
(1981)

Fig. 3.6 Volcanic crater
and surrounding hillside
around Lake Sonachi
derived from Kenya
Ministry of Works drawing
#44,330 at 1:1000 scale.
Lake lies between 1886 and
1889.4 m contours in lower
half of crater. From
Maclntyre (1981)
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near the surface, and temperature oscillations
pointing to high-frequency internal waves were
present. Ri computed for 0.3 m intervals occa-
sionally decreased below the critical value of
0.25. Values below 0.25 indicate that conditions
were sometimes conducive to overturning inter-
nal waves and intermittent turbulence in the
stratified upper region. The temperature inver-
sion between 0.3 and 0.4 m at 1125 h on
November 2, 1976, provides an example of a
shear instability (Fig. 3.3). Overall, however,
the stabilizing effect of heating exceeded that
from wind-induced shear, and near-surface
mixing did not begin until later in the afternoon
when heat loss began to dominate the surface
energy budget.

Seasonal variations in stratification and
mixing have been observed in some crater
lakes. For example, Wood et al. (1976)
documented seasonal holomixis in Lake
Babogaya (formerly Lake Pawlo), one of the
Bishoftu crater lakes. With clear skies in January
and February, heat loss by long-wave radiation
increased to maximal values. Latent heat fluxes
are expected to have increased with the concom-
itant decrease in relative humidity, and sensible
heat fluxes are expected to have increased as air
temperatures dropped. Thus, nocturnal cooling
would have been increased relative to that during

other seasons and led to the destratification and
mixing of this lake.

MaclIntyre (1981) analysed how crater topog-
raphy moderates the wind field impacting lakes
within volcanic craters and used Lake Sonachi as
an example; we summarize this study and rele-
vant theory here. Airflow is affected by atmo-
spheric stratification within and above the crater
and by the trees that fringe the lake. Possible
patterns of airflow can surmised based on studies
of airflows in valleys or behind hills. Bell and
Thompson (1980) used experimental data and
theory to show that when the Froude number
(F) was below 1.3, air in a valley was stagnant.
F = U/Nh, where U is the wind speed upstream
of a hill, N is the Brunt-Viisild frequency and
h is the height of a hill or depth of a valley. F is
the ratio of forces that generate mixing to buoy-
ancy forces that resist mixing. Stratification of air
within a crater is also influenced by the diel
temperature variations of the land within the
crater, by the lake and by the relative proportion
of the crater occupied by the lake or land. Lake
Sonachi occupies only about 20 % of the area
within the crater. During the day, heat from the
warming land leads to unstable stratification of
the atmosphere over the land, while at night the
cool ground leads to stable stratification. Lakes
tend to be cooler than the air during mid-day, and
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thus the air is stably stratified and warmer than
overlying air at night and the atmosphere unsta-
bly stratified. Thus, the proportion of land to
water within the crater will determine whether
the atmosphere is unstable or stable; this is a first-
order control as to when winds penetrate into the
crater.

Airflows over a crater lake for stratified or
neutral atmospheric conditions inferred from lab-
oratory studies (Hunt et al. 1978; Hunt and
Snyder 1980) are illustrated in Fig. 3.7. These
conditions would apply during the day when the
surface area of the lake is large enough relative to
the overall surface area of the crater such that its
temperature dominates atmospheric stability.
Small boundary layer separations directly behind
the crater rim or the trees fringing the lake are not
depicted. At F = 0.2 (Fig. 3.8a), air within the
crater is stagnant, a small hydraulic jump forms
near the crater rim, and the boundary layer

Fig. 3.8 Sketches of air
flow over Lake Sonachi at
different Froude numbers.
Explanation in text. From
MaclIntyre (1981)

(a)

(b)

(c)
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separation in the lee of the crater extends approx-
imately 100 m over the lake. At F = 0.4
(Fig. 3.8b), air within the crater remains stagnant,
and the vertical eddies in the wake of the hydrau-
lic jump probably do not reach the lake. At
F = 0.6, eddies are likely to reach the lake’s
surface. For F greater than 0.4, lee waves of
about the same height as the hill over which the
air is flowing may form; unstable regions called
rotors can occur in association with lee waves.
Bell and Thompson (1980) observed rotors at
Froude numbers between 0.8 and 1.2. Above
the critical Froude number of 1.3, flow passes
though the crater and lee waves form with a
rotor (Fig. 3.8c). As wind speed increases and F
exceeds 1.7, air sweeps through the crater except
for a small region of backflow (Fig. 3.8d).
Measured wind speeds often fluctuate rapidly,
probably due to interactions with trees and irreg-
ular terrain. For example, horizontal fluctuations
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in wind speed were found to be five times greater
over a wooded ridge than over smooth terrain
(Panofsky et al. 1978).

During the periods when wind speeds outside
the crater relative to stratification are too low for
them to penetrate, the temperature differences
over the lake and over the land within the crater
will likely generate lake-land breezes. For Lake
Sonachi, the larger land mass suggests that the
atmosphere as a whole was unstable during the
day and outside winds could penetrate. At night,
however, the atmosphere within and outside the
crater was likely stable. Hence, when outside
winds were light, the greater cooling of the air
over the land inside the crater likely generated
airflows over the lake. This mechanism would
enable heat loss by evaporation at night and
contribute to nocturnal mixing. Even in craters
in which the lake’s surface area is proportion-
ately larger, the greater cooling of the crater
walls at night could induce downslope flows
and promote heat loss and mixing within
the lake.

Given the wide range of crater and lake
dimensions among the crater lakes in eastern
Africa, winds will impart a wide range of
energies to mixing processes. Among the Basotu
lakes, the longest dimension of the lakes (L,,)
varies from 68 to 700 m; the maximum height
of the crater above the lake (H,,) ranges from
12 to 96 m (Kilham and Cloke 1990). The ratio of
these two terms (H,/L,,) ranges from 0.017 to
0.50. Among the Bishoftu lakes, L, varies from
900 to 1600, H,, from about 40 to about 200 m
and the ratio from 0.04 to 0.22 (Prosser
et al. 1968). For Lake Sonachi, L, = 650 m,
H,, = 117 m, and the ratio = 0.18. Among the
16 volcanic crater lakes associated with the west-
ern Rift Valley in Uganda and examined by
Melack (1978), L, ranged from 75 to 3750 m,
H,, from 5 to 215 m and the ratio from 0.0013 to
0.6. The analysis of controls on airflows over
crater lakes indicates why the predictive ability
is low with the ratio D:H. Further improvement
would likely be achieved by including the ratio
of lake surface area to crater area and the ratio of
daytime to night-time air temperatures. This is
because a larger range implies a greater

probability of formation of gravity currents,
which would cause a land breeze over the lake
at night.

3.4.3 Chemically Stratified Lakes

Chemically stratified, saline lakes occur through-
out the EARS (MaclIntyre and Melack 1982).
One consequence of chemical stratification is
meromixis, i.e., incomplete vertical mixing over
at least several years. The water in the upper
portion is called the mixolimnion, while that
below the chemocline is called the
monimolimnion. To demonstrate meromixis
requires repeated measurements over many
years, and one of the few lakes in eastern Africa
with such data is Lake Sonachi (Kenya).
Maclntyre and Melack (1982) described an
8-year period that included a weakening and
strengthening of chemical stratification, without
complete vertical mixing, as the amount of rain-
fall varied. Based on an analysis of sediment
cores from Lake Sonachi, Verschuren (1999)
and Verschuren et al. (1999) inferred meromictic
and holomictic periods spanning a few years to
several decades over the prior 175 years.
Several aspects of Maclntyre and Melack
(1982) are generally relevant to studies of saline
lakes. Water density and its changes with tem-
perature are critical when examining stratifica-
tion and meromixis. Because the solutes
dissolved in the waters of soda lakes differ from
seawater and are in much higher concentration
than in freshwaters, density must be calculated
based on physical chemical principles or
measured (Boehrer et al. 2010; Jellison and
Melack 1993; Maclntyre and Melack 1982;
Millero et al. 1976). Because it is usual to mea-
sure profiles of electrical conductivity,
relationships between the densities and
conductivities are needed. Calculating the stabil-
ity of the stratification, as determined following
Idso (1973), and its partition into chemical and
thermal components are useful metrics to evalu-
ate the likely persistence of meromixis. In the
case of Lake Sonachi, the chemical stability
varied from a high of 200 J m~2 to a low of



72

0717] m_z, when the lake almost mixed. During
the period with lowest chemical stability in 1976,
maximum daily thermal stability ranged from
1.95t0 10.5 T m~.

A rare type of thermal stratification with the
warmest water at mid-depth (heliothermy) can
occur in small, chemically stratified lakes, and
this was observed in Lake Mahega, a crater lake
in the Rift Valley of Uganda (Kilham and Melack
1972; Melack and Kilham 1972). The lake had
strong chemical stratification, a dense accumula-
tion of pigmented phytoplankton and Bacteria at
1 m and a Secchi disc transparency of 0.33 m,
which allowed solar energy to reach the turbid
layer. As a result, the water temperature
increased from 31 °C at 0.1 m to 40 °C at 1 m
and decreased to 37 °C at 3.5 m. Though this type
of stratification has not been observed in EASL,
the Basotu crater lakes are likely candidates.

3.4.4 Large, Deep Lakes

Lake Turkana, the largest lake in the EARS, is
256 km long with a mean width of 35 km (Spigel
and Coulter 1996). It receives almost all its
inflow from the Omo River draining from
Ethiopia. Its local climate is arid—with precipi-
tation on the lake of 360 mm y ' and evaporation
from the lake of 2340 mm y '—and hot with
mean annual air temperatures of 30 °C (Spigel
and Coulter 1996). The lake has a salinity of
about 2.5%o (Yuretich and Cerling 1983), with
horizontal and vertical gradients in salinity
attributed to inputs of less saline Omo River
water (Ferguson and Harbott 1982). The larger
central basin has a maximum depth of 73 m,
while the smaller southern basin has a maximum
depth of 106 m. A closed-basin lake with no
surface outlet, its water level varies, e.g., levels
declined approximately 5 m from 1972 to 1988
(Killgvist et al. 1988). During the southwest
monsoon, which typically occurs from May or
June through August or September, strong south-
erly winds can exceed 15 m s~ ' with persistent
winds from 5 to 11 m s_l; these are
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superimposed on a diel pattern of strong winds
in the afternoon and night (Ferguson and Harbott
1982).

Seasonal changes in near-surface waters are
about 2 °C, and near-bottom temperatures range
from 25.5 to 26.4 °C (Ferguson and Harbott
1982). Time series of vertical profiles of tempera-
ture and dissolved oxygen reported by Kaillqvist
et al. (1988) for 1987-1988 indicate prolonged
periods of stratification. Temperature and conduc-
tivity profiles shown by Spigel and Coulter (1996)
for the monsoon-influenced period in 1987 and
1988 vary with depth but lack well-defined mixed
layers and thermoclines. A transect of tempera-
ture profiles during August and October indicated
holomixis in the southern lake and stratification in
the north (Ferguson and Harbott 1982). While this
pattern perhaps reflects upwelling induced by the
strong southerly winds, freshwater inputs from
the Omo River are largest from June through
September and enter the northern lake as a
sediment-laden overflow; this likely enhances
stratification. An additional factor increasing the
likelihood of a stratified northern versus southern
lake is the large difference in the depth of the 1 %
light level: 0.5-3.7 m 25 km from the Omo River
mouth versus 10.2-13 m 230 km to the south
(Ferguson and Harbott 1982; Spigel and Coulter
1996). Based a survey of 11 stations in the north-
ern basin in January 1990, Halfman (1996)
reported water temperatures slightly below
27 °C at 40 m and near-surface heating under
calm conditions to just over 28 °C.

Lake Shala is a large, deep soda lake within a
graben in the Ethiopian Rift Valley. Lake levels
were low during the last glacial maximum and
high 8000-9000 years B.P. (Beadle 1981; Street
and Grove 1976). As summarized by Melack
(1983), no chemical stratification was noted by
Loffredo and Maldura (1941) or Baxter
et al. (1965), but chemical stratification was
observed when sampled by Baumann
et al. (1975). Both Vatova (1940) and Baxter
et al. (1965) reported thermal stratification with
near-surface temperatures from 23 to 26 °C and
near-bottom temperatures of about 21 °C.
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3.5 Temperature Trends

and Climate Changes

Though long-term records of water temperatures
in EASL are not available, observations of skin
temperatures have been reported for three lakes
in the region (Schneider and Hook 2010). Fol-
lowing the terminology of Donlon et al. (2002),
the skin temperature is that measured by a radi-
ometer within a thin layer (~500 pm) on the
water side of the air-water interface. Schneider
and Hook (2010) used thermal infrared imagery
obtained by the satellite-borne Along Track
Scanning Radiometer and Advanced Very High
Resolution Radiator series of sensors to examine
trends in skin temperature from 1985 to 2009.
Night-time values were averaged for the months
of January, February and March to capture the
warming periods in equatorial Africa. Tempera-
ture trends expressed as °C y ' of 0.02
(L. Turkana), 0.05 (L. Eyasi) and 0.02
(L. Abaya) were found. Except for L. Eyasi,
which often has shallow water distributed over
a salt pan, these rates are less than the global
average rate of 0.045 & 0.011 °C y '. The
lower values may result from the increased evap-
orative heat losses that accompany heating in
warm tropical lakes.

3.6  Future Directions

Only brief visits, occasional year-round studies
and long lapses in the study of EASL leave large
gaps in our understanding of temporal variations
in their limnology and their responses to climatic
and human-caused changes in their hydrology.
Though recent studies or analyses of ecological
aspects are available (e.g., Burian et al. 2014;
Krienitz and Kotut 2010; Schagerl and Oduor
2008, see Schagerl and Burian, Chap. 12), few
investigations have focused on physical limnol-
ogy since the early efforts by Maclntyre
described above. With the availability of auto-
matic recording systems, robust sensors, remote
sensing techniques and models, it should be pos-
sible to initiate or continue studies in these lakes.

As an example, Tebbs et al. (2013) developed an
algorithm to monitor chlorophyll levels in Lake
Bogoria and lakes with similar phytoplankton
using an orbiting sensor (Landsat). Examples of
approaches appropriate to eastern African saline
lakes include the applications in a large, saline
lake of microstructure profilers to calculate tur-
bulence (Maclntyre et al. 1999, 2009; Maclntyre
and Melack 2009), multi-station, time series of
temperature and conductivity to document
changing density gradients and vertical mixing
(Jellison and Melack 1993) and three-
dimensional modelling supported by meteoro-
logical data and temperature loggers (Vidal
et al. 2013). These activities are of increasing
urgency as pollutants from urban and agricultural
activities and water diversion schemes,
compounded by climate changes, are altering
inflows to eastern African saline lakes
(Dagnachew Legesse et al. 2004; Hadgembes
2006; Melack 1996; Odada et al. 2004; Velpuri
and Senay 2012). International partnerships with
researchers at universities in Ethiopia, Kenya and
Tanzania should be nurtured and collaborative
activities and local infrastructure and capacity
developed further.

References

Baumann A, Forstner U, Rodhe R (1975) Lake Shala:
water chemistry, mineralogy and geochemistry of
sediments in an Ethiopian rift lake. Geol Rundsch
64:593-609

Baxter RM, Prosser MV, Talling JF, Wood RB (1965)
Stratification in tropical African lakes at moderate
altitudes (1500 to 2000 m). Limnol Oceanogr
10:510-520

Beadle LC (1981) The inland waters of tropical Africa.
Longman Group, New York

Bell RC, Thompson RO (1980) Valley ventilation by
cross winds. J Fluid Mech 96:757-767

Biggs WW, Edison AR, Eastin JD, Brown KW,
Maranville JW, Clegg MD (1971) Photosynthesis
light sensor and meter. Ecology 52:125-131

Boehrer B, Herzsprung P, Schultze M, Millero FJ (2010)
Calculating density of water in geochemical lake strat-
ification models. Limnol Oceanogr Methods
8:567-574

Burian A, Kainz MJ, Schagerl M, Yasindi A (2014)
Species-specific separation of lake plankton reveals


http://dx.doi.org/10.1007/978-3-319-28622-8_12

74

divergent food assimilation patterns in rotifers.
Freshw Biol. doi:10.1111/fwb.12345

Dagnachew Legesse C, Vallet-Coulomb CV, Gasse FC
(2004) Analysis of the hydrological response of a
tropical terminal lake, Lake Abiyata (main Ethiopian
Rift Valley) to changes in climate and human
activities. Hydrol Process 18:487-504

Donlon CJ, Minnett PJ, Gentemann C, Nightingale TJ,
Barton 1J, Ward B, Murray MJ (2002) Toward
improved validation of satellite sea surface tempera-
ture measurements for climate research. J Climate
15:353-369

Downie C, Wilkinson C (1962) The explosion craters of
Basotu, Tanganyika Territory. Bull Volcan
14:389-420

Ferguson ADJ, Harbott BJ (1982) Geographical, physical
and chemical aspects of Lake Turkana. In: Hopson AJ
(ed) Lake Turkana: a report on the findings of the Lake
Turkana project 1972-1975. Overseas Development
Administration, London, pp 1-107

Gaudet JJ, Melack JM (1981) Major ion chemistry in a
tropical African lake basin. Freshw Biol 11:309-333

Hadgembes T (2006) Review of environmental threats to
East African saline lakes and their likely conservation
strategies. Available via http://www.academia.edu/
3528211/. Accessed Dez 2014

Halfman JD (1996) CTD-transmissometer profiles from
Lakes Malawi and Turkana. In: Johnson TC, Odada
EO (eds) The limnology, climatology and paleoclima-
tology of the East African lake. Gordon and Breach
Publishing, Amsterdam, pp 169182

Halfman JD, Johnson TC (1988) High resolution record of
cyclic climate change during the past 4 ka from Lake
Turkana, Kenya. Geology 16:496-500

Hammer UT (1986) Saline lake ecosystems of the world.
Dr. W Junk Publishers, Dordrecht

Hecky RE (1971) The paleolimnology of the alkaline,
saline lakes on the Mt. Meru lahar. Dissertation,
Duke University, Durham, NC

Hunt JCR, Snyder WH (1980) Experiments on stably and
neutrally stratified flow over a model three-
dimensional hill. J Fluid Mech 96:671-704

Hunt JCR, Snyder WH, Lawson RE (1978) Flow structure
and turbulent diffusion around a three-dimensional
hill. EPA-600/4-78-041. National Technical Informa-
tion Service, Springfield, VA

Idso SB (1973) On the concept of lake stability. Limnol
Oceanogr 18:681-683

Jellison R, Melack JM (1993) Meromixis in hypersaline
Mono Lake, California I. Vertical mixing and density
stratification during the onset, persistence, and break-
down of meromixis. Limnol Oceanogr 38:1008-1019

Jenkin PM (1936) Reports of the Percy Sladen expedition
to some Rift Valley lakes in Kenya in 1929. VII.
Summary of ecological results, with special reference
to the alkaline lakes. Annu Mag Nat Hist 18:133-181

Kaillqvist T, Lien L, Liti D (1988) Lake Turkana limno-
logical study 1985-1988. Norwegian Institute of
Water Research, Report 0-85313, Blindern, Norway

J.M. Melack and S. MacIntyre

Kilham P (1971) Biogeochemistry of African lakes and
rivers. Dissertation, Duke University, Durham, NC
Kilham P, Cloke PL (1990) The evolution of saline lake
waters: gradual and rapid biogeochemical pathways in
the Basotu Lake District, Tanzania. Hydrobiologia
197:35-50

Kilham P, Melack JM (1972) Primary northupite deposi-
tion in Lake Mahega, Uganda. Nature 238:123

Krienitz L, Kotut K (2010) Fluctuating algal food
populations and the occurrence of lesser flamingos
(Phoeniconaias minor) in three Kenyan Rift Valley
Lakes. J Phycol 46:1088—-1096

Livingstone DA (1975) Later quaternary climatic change
in Africa. Annu Rev Ecol Syst 6:249-280

Livingstone DA, Melack JM (1984) Some lakes of
subsaharan Africa. In: Taub FB (ed) Lake and reser-
voir ecosystems. Ecosystems of the world, vol 23.
Elsevier, Amsterdam, pp 467497

Loffredo S, Maldura CM (1941) Risultati generali delle
ricerche di chimica limnologica sulle acque dei laghi
dell’ Africa orientale italiana esplorati dalla Missione
ittiologica. In: Brunelli G et al (eds) Esplorazione dei
laghi della Fossa Galla, vol I, Collezione scientifica
e documentaria dell’Africa Italiana III. Airoldi,
Verbania, pp 181-200

Maclntyre S (1981) Stratification and mixing in shallow
tropical African lakes. Dissertation, Duke University,
Durham, NC

MacIntyre S (1986) Flow measuring system for small
lakes. Limnol Oceanogr 31:900-906

MaclIntyre S (2012) Stratification and mixing in tropical
African lakes. In: Bengtsson L, Herschy RW,
Fairbridge RW (eds) Encyclopedia of lakes and
reservoirs. Springer Science + Business Media B.V,
Dordrecht, pp 737-743. doi:10.1007/978-1-4020-
4410-6

Maclntyre S (2013) Climate variability, mixing dynam-
ics, and ecological consequences in the African Great
Lakes. In: Goldman CR, Kumagai M, Robarts RD
(eds) Effects of global warming on freshwater
ecosystems of the world: impacts and mitigation for
ecosystems and societies. Wiley, Chichester, pp
311-336

Maclntyre S, Melack JM (1982) Meromixis in an equato-
rial African soda lake. Limnol Oceanogr 27:595-609

Maclntyre S, Melack JM (1995) Vertical and horizontal
mixing in lakes: linking littoral, benthic and pelagic
habitats. ] N Am Benthol Soc 14:599-615

Maclntyre S, Melack JM (2009) Mixing dynamics in
lakes across climatic zones. In: Likens GE
(ed) Encyclopedia of ecology of inland water, vol
2. Elsevier, Oxford, pp 603-612

Maclntyre S, Romero JR, Kling GW (2002) Spatial-
temporal variability in mixed layer deepening and
lateral advection in an embayment of Lake Victoria,
East Africa. Limnol Oceanogr 47:656-671

Maclntyre S, Clark JF, Jellison RJ, Fram JP (2009) Tur-
bulent mixing induced by non-linear internal waves in
Mono Lake, CA. Limnol Oceanogr 54:2255-2272


http://dx.doi.org/10.1111/fwb.12345
http://www.academia.edu/3528211/
http://www.academia.edu/3528211/
http://dx.doi.org/10.1007/978-1-4020-4410-6
http://dx.doi.org/10.1007/978-1-4020-4410-6

3 Morphometry and Physical Processes of East African Soda Lakes 75

Maclntyre S, Romero JR, Silsbe GM, Emery BM (2014)
Stratification and horizontal exchanges in Lake
Victoria, East Africa. Limnol Oceanogr 59:
1805-1838

Maclntyre S, Flynn KM, Jellison R, Romero JR (1999)
Boundary mixing and nutrient flux in Mono Lake,
CA. Limnol Oceanogr 44:512-529

Melack JM (1976) Limnology and dynamics of phyto-
plankton in equatorial African lakes. Dissertation,
Duke University, Durham, NC

Melack JM (1978) Morphometric, physical and chemical
features of the volcanic crater lakes of western
Uganda. Arch Hydrolbiol 34:430-453

Melack JM (1979) Photosynthetic rates in four tropical
African fresh waters. Freshw Biol 9:555-571

Melack JM (1981) Photosynthetic activity of phytoplank-
ton in tropical African soda lakes. Hydrobiologia
81:71-85

Melack JM (1982) Photosynthetic activity and respiration
in an equatorial African soda lake. Freshw Biol
12:381-400

Melack JM (1983) Large, deep salt lakes: a comparative
limnological analysis. Hydrobiologia 105:223-230

Melack JM (1996) Saline and freshwater lakes of the
Kenyan rift valley. In: McClanahan TR, Young TP
(eds) East African ecosystems and their conservation.
Oxford University Press, New York, pp 171-190

Melack JM (2009) Diel variability and community metab-
olism in African soda lakes. In: Oren A, Palacios P,
Waurtsbaugh W (eds) Saline lakes around the world:
unique systems with unique values, vol XV, Natural
resources and environmental Issues. S.J. and Jessie
E. Quinney Natural Resources Research Library,
Logan, pp 153-160

Melack JM, Kilham P (1972) Lake Mahega: a
mesothermic, sulphato-chloride lake in western
Uganda. Afr J Trop Hydrobiol Fish 2:141-150

Melack JM, Kilham P (1974) Photosynthetic rates of
phytoplankton in East African alkaline, saline lakes.
Limnol Oceanogr 19:743-755

Melack JM, Kilham P, Fisher TR (1981) Responses of
phytoplankton to experimental fertilization with
ammonium and phosphate in an African soda lake.
Oecologia 52:321-326

Millero FJ, Lawson D, Gonzalez A (1976) The density of
artificial river and estuarine waters. J Geophys Res
81:1177-1179

Odada E, Raini J, Ndetei R (2004) Experiences and
lessons learned brief, Lake Nakuru. Available via
http://www.worldlakes.org/uploads/Nakuru_6.22.04.
pdf. Accessed Dez 2014

Panofsky HA, Egolf CA, Lipschutz R (1978) On
characteristics of wind direction fluctuations in the
surface layer. Bound Lay Meterol 15:439—446

Prosser MV, Wood RB, Baxter RM (1968) The Bishoftu
crater lakes: a bathymetric and chemical study. Arch
Hydrobiol 65:309-324

Schagerl M, Oduor SO (2008) Phytoplankton community
relationship to environmental variables in three

Kenyan Rift Valley saline-alkaline lakes. Mar Freshw
Res 59:125-136

Schneider P, Hook SJ (2010) Space observations of inland
water bodies show rapid surface warming since 1985.
Geophys Res Lett 37, L122405. doi:10.1029/
2010GL045059

Serruya C, Pollingher U (1983) Lakes of the warm belt.
Cambridge University Press, Cambridge

Spigel RH, Coulter GW (1996) Comparison of hydrology
and physical limnology of the East African Great
Lakes: Tanganyika, Malawi, Victoria, Kivu and
Turkana (with reference to some North American
Great Lakes). In: Johnson TC, Odada EO (eds) The
limnology, climatology and paleoclimatology of the
East African lake. Gordon and Breach Publishing,
Amsterdam, pp 103-140

Street FA, Grove AT (1976) Environmental and climatic
implications of late Quaternary lake-level fluctuations
in Africa. Nature 261:385-390

Talling JF, Lemoalle J (1998) Ecological dynamics of
tropical inland waters. Cambridge University Press,
Cambridge

Talling JF, Wood RB, Prosser MV, Baxter RM (1973)
The upper limit of photosynthetic productivity by
phytoplankton: evidence from Ethiopian soda lakes.
Freshw Biol 3:53-76

Tebbs EJ, Remedios JJ, Harper DM (2013) Remote sens-
ing of chlorophyll-a as a measure of cyanobacterial
biomass in Lake Bogoria, a hypertrophic, saline-
alkaline, flamingo lake, using Landsat ETM+.
Remote Sens Environ 135:92-106

Vareschi E (1982) The ecology of Lake Nakuru (Kenya)
III. Abiotic factors and primary production. Oecologia
55:81-101

Vatova A (1940) Notizie idrografiche e biologiche sui
Laghi dell’ Africa Oricntale Italiana. Thalassia 4:25

Velpuri NM, Senay GB (2012) Assessing the potential
hydrological impact of the Gibe III Dam on Lake
Turkana water level using multi-source satellite data.
Hydrol Earth Syst Sci 16:3561-3578

Verschuren D (1996) Comparative paleolimnology in a
system of four shallow tropical lake basins. In: John-
son TC, Odada EO (eds) The limnology, climatology
and paleoclimatology of the East African lake. Gordon
and Breach Publishing, Amsterdam, pp 559-572

Verschuren D (1999) Influence of depth and mixing
regime on sedimentation in a small, fluctuating tropi-
cal soda lake. Limnol Oceanogr 44:1103-1113

Verschuren D, Cocquyt C, Tibby J, Roberts CN, Leavitt
PR (1999) Long-term dynamics of algal and inverte-
brate communities in a small, fluctuating tropical soda
lake. Limnol Oceanogr 44:1216-1231

Vidal J, Maclntyre S, McPhee-Shaw EE, Shaw WJ,
Monismith SG (2013) Temporal and spatial variability
of the internal wave field in a lake with complex
morphometry. Limnol Oceanogr 58:1557-1580

Wood RB, Talling JF (1988) Chemical and algal
relationships in a salinity series of Ethiopian inland
waters. Hydrobiologia 158:29-67


http://www.worldlakes.org/uploads/Nakuru_6.22.04.pdf
http://www.worldlakes.org/uploads/Nakuru_6.22.04.pdf
http://dx.doi.org/10.1029/2010GL045059
http://dx.doi.org/10.1029/2010GL045059

76

Wood RB, Prosser MV, Baxter RM (1976) The seasonal
pattern of thermal characteristics of four of the
Bishoftu crater lakes, Ethiopia. Freshw Biol
6:519-530

Wood RB, Prosser MV, Baxter RM (1978) Optical
characteristics of the Rift Valley lakes, Ethiopia.
Ethiop J Sci 1:73-85

J.M. Melack and S. MacIntyre

World Lakes Database (1999) International Lake Envi-
ronment Committee Foundation. http://wldb.ilec.or.
jp/. Accessed Jan 2015

Yuretich RF, Cerling TE (1983) Hydrogeochemistry of
Lake Turkana, Kenya: mass balance and mineral
reactions in an alkaline lake. Geochim Cosmochim
Acta 47:1099-1109


http://wldb.ilec.or.jp/
http://wldb.ilec.or.jp/

Daniel M. Deocampo and Robin W. Renaut

D.M. Deocampo (D<)

Abstract

Soda lakes are those in which sodium and carbonate species dominate the
dissolved ions. They form in hydrologically closed lake basins, where
inflow is balanced primarily by evaporation. They are important habitats,
closely tied to water resource issues in arid lands, and they support
important economic activities. Soda lakes differ from other saline lakes
in that their drainage basins typically are dominated by volcanic terrains
that produce very alkaline dilute inflow. In East Africa, soda lakes are
commonly associated with volcanism and tectonic depressions, mostly
along the East African Rift. Upon evaporative concentration, salinity
increases, but many solutes are also lost to solid phases through the
actions of abiotic mineral precipitation and biological utilization. Thus,
soda lake waters tend to be dominated by sodium, bicarbonate and/or
carbonate, with potentially significant sulfate and chloride concentrations
as well. Alkaline earths (calcium and magnesium) are almost always
negligible in concentration in evolved soda brines. Hydrothermal input
is an important contributor of silica in soda lake waters and may also play
an important role in deep subsurface environments (far below the
sediment-water interface) by enriching CO,, enhancing silicate hydrolysis
and generating high alkalinity.

4.1 Introduction

Soda lakes are those saline lakes in which the
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of lake in many regions around the globe,
providing unique biological habitats, affecting
surface and groundwater resources as well as
impacting human communities and numerous
aspects of economic activity. Through geological
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time, such lakes have had enormous impacts on
the global carbon budget and hydrocarbon accu-
mulation (Horsfield et al. 1994). The world’s
largest sources of industrial sodium carbonate
minerals are fossil soda lakes in North America
and China (Dyni et al. 1995). Understanding the
nature and evolution of modern soda lakes is
therefore important not only for understanding
their environmental roles, but also for assessing
their social and economic values. In modern
times, soda lakes are common to East Africa, a
region in which various geological and climato-
logical parameters favour their development, as
discussed below.

Soda lakes are characterized by elevated pH
and dominance of sodium and carbonate species
in the cation and anion dissolved solutes, respec-
tively. The geochemical key to the occurrence of
such lakes is a great excess of conservative
cations (in dilute waters: Na*, K*, Ca>*, Mg*")
over conservative anions (C1~, SO4>~)—in other
words, very high alkalinity. Because charge bal-
ance is maintained through the carbonic acid
system and gas exchange of CO, with the atmo-
sphere, high alkalinity results in high bicarbonate
(HCO; ") and carbonate (CO53>7) content. It is
not uncommon for carbonate alkalinity
concentrations to exceed five or more times the
sum of chloride and sulfate concentrations. Most
such waters have pH values over 9, but in some
cases when aqueous CO, builds up due to rela-
tively low degassing rates, pH can be as low as 6
despite the high alkalinity (Deocampo and
Ashley 1999). Most dilute waters do not have
very high alkalinity and thus require some com-
bination of water-rock interaction (weathering),
evaporative concentration and solute loss to pro-
duce highly alkaline water. Thus, the develop-
ment of high alkalinity in surface waters is
closely linked to hydrology, climate and regional

geology.

4.2 Hydrology and Climate

As with all saline lakes, hydrological closure is
generally required for solute concentrations to
rise sufficiently to generate the great alkalinities

D.M. Deocampo and R.W. Renaut

observed in soda lakes (see Schagerl and Renaut,
Chap. 1). Such conditions are commonly seen in
East Africa, in crater lakes as well as within the
East African Rift itself. One possible exception
to hydrological closure is when saline groundwa-
ter is directly discharged into lacustrine
environments—it may either be brines
discharging from a shallow groundwater circula-
tion system or may involve deeper hydrothermal
systems. In such cases, soda brines may be pres-
ent at the surface even before significant resi-
dence time in a lake leads to further evaporative
concentration.

In hydrologically closed lakes (i.e. internally
drained), evaporation is the dominant pathway
for water to exit the basin (Rosen 1994). Such
settings generally occur only in tectonically
active regions, such as adjacent to uplifted
regions, within continental rifts or within inter-
montane or volcanic (i.e. caldera) basins
(Deocampo and Jones 2014). The spatial distri-
bution of soda lakes around the world shows that,
without exception, they are associated with mod-
ern or ancient volcanic activity (Pecoraino
et al. 2015). Whereas hydrologically closed
regions may produce saline lakes, those that
occur in volcanically active tectonic settings
may furthermore produce carbonate-rich saline
lakes, i.e. soda lakes (Fig. 4.1). Aside from the
Pacific Northwest and the East African Rift, the
only other major volcanic region on Earth that
has widespread hydrological closure is the cen-
tral and southern Andes in South America. The
saline waters developed there (e.g. on the Alti-
plano) tend to be lower in carbonate and sulfate
rich, however, due to a greater presence of vol-
canic sulfur in the region (Pecoraino et al. 2015;
Risacher et al. 2003).

As in other saline lakes, three hydrological
conditions must be met for soda lakes to form
(Fig. 4.2): (1) outflow from the lake to streams or
groundwater must be minimal compared to evap-
oration; (2) at steady-state equilibrium (which
may never effectively be reached because of the
dynamics of climate), evaporation equals inflow;
and (3) inflow must be great enough to maintain
water in the lake and avoid desiccation. The
fundamental control on the geochemistry of
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- Major regions of hydrologic closure

_—~7 Major soda lake regions

Fig. 4.1 Global distribution of major areas of internal
drainage and hydrological closure (from Deocampo and
Jones 2014). Arrows indicate the two major regions of the
world where soda lakes are the dominant form—on the
eastern flanks of the Pacific Northwest in the rain shadow
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of the Cascade Range and throughout the East African
Rift. Although local features may favour soda lake devel-
opment in other parts of the world, the East African Rift is
an entire region in which tectonic, volcanic and climate
conditions allow soda lakes to dominate
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Fig.4.2 Schematic block diagram showing major hydro-
logical features of closed basins, after Eugster and Hardie
(1975) and Deocampo and Jones (2014). Flow lines indi-
cate areas of potentially salinity driven density circulation

and interaction between fresh meteoric input and
circulating brines (Duffy and Al-Hassan 1988; Rosen
1994)
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these lakes is the geology-weathering reactions
in the drainage basins surrounding these lakes
that determine whether, upon evaporation, lake
waters evolve towards a carbonate-rich
(i.e. “soda”) endmember or towards more neutral
or even acidic compositions.

For hydrologically closed lakes, change in
surface area is the principal lake response to
climatically driven changes in inflow and evapo-
ration rates (Almendinger 1990). The resulting
change in the volume of water storage in the lake
and the associated change in the lake level (see
Schagerl and Burian, Chap. 12) are therefore
functions of the bathymetry and gradients in the
basin. Lake volume and water level changes in
high-gradient basins will therefore be much
greater than those in gently sloping basins, even
for an identical surface area response (Fig. 4.2).
When such a lake approaches steady state, a
constant lake volume is approached, but solute
concentrations rise as water is lost to evapora-
tion. In the ideal case, solute concentrations may
also eventually reach a steady state because

thermodynamically driven mineral precipitation
and biologically mediated mineralization act as
solute sinks, removing solids from solution.
These processes can be complex and heavily
affected by stratification, seasonality and multi-
ple inflows.

4.3  Solutes and Alkalinity

The dominant ions and dissolved species
(e.g. aqueous silica as HySiO4 or as ions) in
soda lakes originate from three main sources
(Fig. 4.3): (1) rain falling directly on the surface
of the lake and drainage basin, (2) weathering
reactions between runoff and groundwater, bed-
rock, surface soils and sediments and (3) hydro-
thermal fluids and their interactions with
subsurface rocks.

Much of the rainfall in East Africa is linked to
monsoonal winds blowing from the Indian Ocean
and the north-south seasonal migration of the
Intertropical Convergence Zone (ITCZ) (Johnson

Fig. 4.3 Main sources of solutes in East African soda
lakes. (a) Convection rainstorm falling on Lake Baringo,
Kenya. (b) Spheroidally weathered basalt (Kaparaina

Basalt), Tugen Hills, Kenya. (¢) Hydrothermally altered
trachyte (clay minerals, sulfur, opaline silica), Koibobei,
southern Lake Bogoria
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and Odada 1996). The chemical composition of
the rains therefore reflects marine aerosols, disso-
lution of airborne dust (derived locally or region-
ally) and dissolved atmospheric gases (mainly
CO,). Atmospheric carbon dioxide dissolves to
form carbonic acid, much of which dissociates
into bicarbonate and hydrogen ions:

H,O + CO, = HyCOs
H,CO; = HCO;™ + H*

Most of the precipitation in East Africa falls in
the tropical and subtropical highlands, but some
falls in the rain shadow on the rift floors.
Although the isotopic composition of the rain is
well known (e.g. Levin et al. 2009), few chemi-
cal analyses of East African rain have been
presented (e.g. Kanuga 1982; Renaut 1982;
Visser 1961). Table 4.1 shows analyses of rain
that fell at Lake Bogoria, Kenya; Table 4.2
compares ionic ratios in one analysis with those
of seawater. Ionic ratios in the rainwater are
similar to those in seawater, implying that marine
aerosols are the source of many ions. Calcium
and bicarbonate are in excess, possibly reflecting
dissolution of carbonate dust. Much of the chlo-
ride in the soda lakes originates from rainfall,
showing the effects of atmospheric processes on
lake chemistry. Although the marine influence on
rainwater composition is likely perennial, sea-
sonal changes potentially affect the abundance
of carbonate dust available for dissolution by
atmospheric water.

The effects of marine sulfo-chloride aerosols
have been well documented in saline lakes near
the ocean, for example, in the Bahamas (Dix

Table 4.1 Rainfall (RF1, 5 August 1977 and RF2,
11 August 1977) analyses, Loburu Delta, Lake Bogoria

mg/L RF 1 RF2
Na 2.34 2.19
K 0.33 0.31
Ca 2.68 2.75
Mg 0.21 0.24
HCO; 5.99 5.85
Cl 4.12 4.81
SO, 0.68 1.24
pH 6.23 6.12
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et al. 1999). This is also an important factor in
dryland lake basins where efflorescent crusts of
minerals such as trona and halite (NaCl) com-
monly form on lake flats (Nielson 1999). If they
are eroded and mobilized by wind action
(e.g. “dust devils”), they can become redeposited
in local water bodies and contribute strongly to
the dissolved fraction (Fig. 4.4). Although this
may not be a significant factor with surface
brines that are already highly evolved, it can
strongly influence the chemistry of more dilute
waters such as those in freshwater streams and
marginal wetlands (Deocampo 2004, 2005).

4.3.1 Chemical Weathering

as a Source of Solutes

Most soda lakes in East Africa lie in drainage
basins in which Neogene to recent volcanic
rocks, their weathering products and the associated
volcaniclastic sediments are the dominant lithol-
ogy in outcrops (Abbate et al. 2015; Dawson 2008;
MacDonald 2003). Older basement rocks, com-
posed of ancient cratonic (typically metamorphic)
and younger mobile-belt rocks, are also common,
but igneous rocks dominate the catchments of
most soda lakes. These volcanic rocks vary in
composition from basaltic to trachytic to
phonolitic and locally include carbonatites com-
posed of eruptive Ca-Na carbonates. Carbonatite
ashes are particularly potent alkali sources—
within 24 h of an eruption at Ol Doinyo Lengai
in northern Tanzania. Zaitsev and Keller (2006)
found samples composed of nahcolite (NaHCO3),
trona (NazH(CO;),-2H,0), sylvite (KCl), halite,
kalicinite (KHCO3) and villiaumite (NaF). These
deposits weather rapidly to produce secondary
nahcolite, trona, thermonatrite (Na,COs-H,0),
pirssonite  (CaCO5:Na,CO5-2H,0), gaylussite
(CaCO;5:Na,CO3:5H,0) and calcite (CaCOy);
much of this material is completely soluble, thus
releasing alkalis and carbonate rapidly into sur-
face- and groundwaters. The impact on the alka-
linity and pH of such waters is so rapid and strong
that it has been recognized as imposing a “mock
aridity” on landscapes and ecosystems, because
highly reactive alkaline volcaniclastics mimic the
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Table 4.2 Ratios of ions in Lake Bogoria rainwater samples (RF1 and RF2) compared with those in seawater.

Alk = HCO;— + CO5>~

Tonic ratio RF1 RF2 Sea water (SW) RF (mean)/SW
Ca:Na 1.20 1.30 0.038 329

K:Na 0.14 0.14 0.036 3.89

Mg:Na 0.09 0.11 0.120 0.83

Cl:Na 1.80 2.20 1.800 1.11

SO4:Cl 0.17 0.26 0.140 1.54

Alk:Cl 1.50 1.20 0.008 169.00

The data imply that the rainwater originates from marine aerosols, but the excess Ca and carbonate in RF1 implies

dissolution of incorporated carbonate dust

Fig. 4.4 The Ngoitokitok freshwater marsh on the mar-
gin of Lake Makat, Ngorongoro Crater, Tanzania.
Sodium-carbonate dust is being reworked from the lake

effect of arid-land evaporative processes (Harris
and Van Couvering 1995). The basaltic rocks are
relatively rich in calcium, whereas the more alka-
line rocks are variably dominated by sodium-rich
silicate minerals and abundant K-feldspar. Quartz
is absent in many of the volcanic rocks.

The intensity and rates of chemical
weathering vary with location, but both are
highest in elevated regions that receive the
highest rainfall, including rift margins and cen-
tral volcanoes. The lowest rates are in areas of
rain shadow such as rift floors and in semiarid
regions of modest topography.

flats by wind action, providing a potential source of
cations (and hence alkalinity) to the wetlands (Deocampo
2004)

4.3.2 Acquisition of Alkalinity

Other than atmospheric input, weathering
reactions taking place in upslope surficial soils
and groundwater environments dominate the
geochemistry of dilute inflow to saline lakes.
The nature of these reactions depends on the
mineral content of the local geology and hydro-
logical factors that determine the residence time
required for water-rock interactions (Yechieli
and Sivan 2011). These reactions produce key
initial solute ratios that are important in deter-
mining the subsequent geochemistry of evolved
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brines; for example, soda lakes may develop only
in basins where the dilute inflow has Ca** <
HCO;™. This condition is favoured by silicate
hydrolysis, such as the idealized hydrolysis reac-
tion describing the weathering of sodium-rich
plagioclase feldspar:

2NaAlSi;Ogs) + 2H+(aq) + 9H,O
(Na—feldspar)
— Al»Si,05 (OH)4(S> + 2Na+<aq) + 4H4Si04(aq)

(kaolinite)

The above example reaction shows that the
hydrolysis of silicate minerals consumes hydro-
gen ions from solution and releases alkali
cations. This has the effect of both raising the
pH and increasing the alkalinity. Moreover, the
rate of hydrolysis reactions is enhanced by aque-
ous interactions with the glassy components of
volcanic ashes that are more reactive—because
they lack a crystalline structure and have a higher
surface area—than the crystalline other fractions
of ash.

Other weathering reactions release ions into
solution, but do not necessarily contribute to
alkalinity, and some reactions can even reduce
alkalinity or add acidity. The strongest such
action is the oxidation of sulfide minerals, such
as pyrite (FeS,), which involves the oxidation of
both ferrous iron and sulfide. This can be
described conceptually in a two-step reaction,
with the first step releasing ferrous iron and
sulfide:

4FeSy() +
(pyrite)

— 4Fe*" (4q) + 85047 (4q) + 8H ()

]402(g) + 4H20(1)

Ferrous iron is not stable in an oxygen-rich envi-
ronment, and so it would rapidly oxidize as well:

4Fe™" (1q) + On(g) + 4H o) — 4Fe™" ) + 2H:0p

Because Fe** is only minimally soluble in most
waters, the vast majority of Fe** produced in this
way will precipitate into solid phases, generally
Fe-oxyhydroxides (Jones 1986). Thus, the oxida-
tion of sulfides contributes sulfate and hydrogen
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ions into solution, reducing alkalinity and lower-
ing the pH.

When multiple weathering reactions occur
during soil development, some reactions may
combine to enhance or limit the development of
alkalinity. For example, limestone dissolution
combined with sulfide oxidation can produce
dilute waters where Ca’* > > HCO;". Thus,
the mineralogy of the host rocks in soils of the
basin is crucial for determining water
chemistries.

Other major weathering reactions also affect
the geochemical composition of inflowing
waters, although they do not have a large
impact on the alkalinity that is so important
for the development of soda lakes. For exam-
ple, dissolution of simple chloride or sulfate
salts adds to the dissolved solids, but because
these add conservative cations and anions in
equal proportion, they do not affect alkalinity.
Similarly, the dissolution of carbonate minerals
such as calcite does add to alkalinity, but it
does not affect the Ca2+/HCO3_ ratio because
the two components are added in equal
proportions.

The general chemistry of the weathering
reactions can be illustrated by comparing bed-
rock composition with the adjacent in situ resi-
due (saprolite) following weathering. Table 4.3
compares an example of trachyphonolite bedrock
west of Lake Bogoria  (Hannington
Trachyphonolite Formation: Griffiths and Gib-
son 1980) with its adjacent saprolite. Assuming
that Al (or Ti) remains immobile (Retallack
2001) and that little material has been added to
the weathering profile (e.g. from dust or airfall
tephra), it is possible to compare losses and gains
during chemical weathering. In this example, all
major oxides and some silica show losses relative
to Al and Ti, largely reflecting silicate hydroly-
sis. Ferrous iron oxides decrease, while ferric
iron increases because of oxidation. The losses
broadly reflect the composition of local river
waters, in which Na > K and Ca > Mg. Water
has been gained (added to the mineral compo-
nent) during neoformation of clay minerals and
Fe-oxyhydroxides.
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Table 4.3 Chemical analyses of a fresh Hannington
trachyphonolite (Hannington Trachyphonolite Formation
of Griffiths and Gibson 1980) and its overlying in situ
saprolite

@ @ 3 C))
Si0, 56.40 53.80 46.00 —18.5
TiO, 0.52 0.61 0.52 —
AL O3 16.00 18.70 16.00 —
Fe,05 6.70 10.60 0.07 +35.2
FeO 3.20 0.78 0.67 —79.3
MnO 0.64 0.77 0.66 +3.1
MgO 0.91 0.71 0.61 —33.0
CaO 1.60 0.74 0.63 —60.6
Na,O 6.52 2.89 2.47 —62.2
K,0 4.51 3.02 2.58 —42.8
H,O 2.76 6.63 5.67 +105.0
P,0s 0.07 0.05 0.04 —42.9
CO, — 0.42 — —
Total 99.9 99.8 84.9 —

Oxides are reported in weight %. Samples taken on
midslope site, ~ 150 m west of Chemurkeu, Lake Bogoria
(1) Fresh trachyphonolite, (2) trachyphonolite saprolite.
(3) = (2) recalculated assuming the amount of Al,O; in
(1). (TiO, gives an almost identical result.); (4) Gains (+)
and losses (—) in chemical weathering assuming constant
Al,Oj3 (i.e. immobility in the profile because of its low
solubility), which are differences in composition between
(1) and (3), expressed as a percentage of the original
composition (1)

4.3.3 Hydrothermal Processes
as Sources of Solutes

Hydrothermal processes have not usually been
considered as major factors in explaining the
origin of solutes in saline lakes (Eugster and
Hardie 1978; Eugster and Jones 1979). Nonethe-
less, thermal fluids are increasingly recognized
as possible contributors in lakes in tectonic
basins, especially in volcanic rifts, and in saline
crater lakes (e.g. Benvenuti et al. 2013; Earman
et al. 2005; Pecoraino et al. 2015). Hot springs
flow into most Kenyan and Ethiopian rift lakes
and into the rift lakes of northern Tanzania; vol-
canic gases, mainly CO,, also discharge directly
into some rift lakes. Even where springs are not
evident in the lake itself, thermal spring waters
may feed streams in the drainage basin (Renaut
and Jones 2011). In some lakes (e.g. Lake
Turkana), the proportion of thermal inflow is
minor; in others, however, hot springs contribute
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much of the annual recharge (e.g. Lakes Bogoria,
Logipi, Magadi, Nasikie Engida). In Lake
Magadi and Nasikie Engida, Kenya, for example,
perennial saline, alkaline hot springs (up to
86 °C) contribute most of the annual inflow
(Jones et al. 1977).

Recirculated groundwaters discharge at the sur-
face as low-enthalpy (warm) springs with
temperatures <45 °C or as higher-enthalpy springs
and geysers with temperatures up to local boiling
point. The warm springs are relatively dilute,
Na-HCO; or Na-Ca-HCO; waters. The higher-
temperature fluids are more saline and silica
enriched, however, and may contain high levels
of volcanogenic gases such as CO, and species of
sulfur. These hot fluids commonly interact with
bedrock during subsurface circulation. Some are
acidic and produce extensive hydrothermal alter-
ation, thereby adding solutes to fluids that dis-
charge at the surface (Darling et al. 1996; Gizaw
1996; Pecoraino et al. 2015). Bicarbonate-rich hot
waters are formed mainly when steam and gases
(mainly CO,) condense in shallow groundwaters.
Such fluids normally have near-neutral pH when
discharged or may be alkaline. The initial acidity
of rising CO,-rich fluids is neutralized by hydro-
lytic reactions with bedrock that consume protons
(H"), leaving waters dominated by Na* and HCO;~
(Nicholson 1993; Renaut and Jones 2011). If shal-
low boiling occurs as pressure is relieved on
approach to the surface, CO, and other gases are
exsolved and the pH may rise rapidly. Magmatic
CO; can also be discharged directly in some lakes
(Benvenuti et al. 2013).

4.4 Geochemical Evolution

Once acquired, solutes in surface and subsurface
waters that flow towards the lakes undergo frac-
tionation processes that progressively change the
overall composition and ionic ratios in the inflow
waters. Their salinity usually increases unless
diluted by rains. The water becomes partly or
fully depleted of some ions, while others increase
in relative abundance or remain in solution until
the fluids reach the open lakes. Alkalinity gener-
ally increases with progressive evaporative
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concentration in hydrologically closed basins. If
alkalinity is considered as an excess of conserva-
tive cation charge over conservative anion
charge, then it follows simply that if evaporation
is the only process at work, then excess of cation
charge will increase upon evaporative concentra-
tion (Deocampo and Jones 2014). The proportion
of carbonate species tends to drop significantly
even for the most alkaline soda lakes, however.
This is apparent in examination of basin-wide
surface- and groundwaters within a watershed
such as the Ngorongoro Crater, Tanzania
(Fig. 4.5). As in most other soda lake basins,
dilute waters in Ngorongoro acquire alkalinity
through the hydrolysis of volcaniclastic sedi-
ment—in this case the feldspathic glasses from
trachytic to trachyandesitic ashes of the
Ngorongoro Volcanic Highlands (Deocampo
2004; Mollel and Swisher 2008). As waters
become more evaporatively concentrated
towards the centre of the basin, the absolute

Ca2+
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concentration of carbonate species rises from
~150 mg L™ (~3 meq L") to over 4000 mg L™
(~80 meq L7"). Despite the enormous rise in
alkalinity due to evaporative concentration, the
proportion of anion charge attributable to
carbonate species falls from 95 % in dilute
inflow to ~73 % in Lake Makat (as sampled in
1999; Deocampo 2004). The drop in the propor-
tion of carbonate corresponds to a matching drop
in Ca®* and Mg>* concentrations (Fig. 4.5), to the
point that alkaline earth carbonates are at
extremely low levels in evolved brines.

The same pattern is evident in regional
analyses spanning multiple basins, such as
major rivers and lakes of the Great Basin in the
western USA. (Fig. 4.6). Thus, even the most
“soda” lakes with very high alkalinity, such as
Pyramid Lake and Soda Lake, have anion
compositions with high proportions of chloride.

Upon evaporative concentration, the precipi-
tation of alkaline earth carbonates is usually the

0032' + HC 03‘ Cr

Fig. 4.5 Piper diagram of the geochemical evolution of surface waters in Ngorongoro Crater, Tanzania (Deocampo

2004)



86

Fig. 4.6 Anion
compositional trends in the
Great Basin, USA, from
Hutchinson (1957). Arrow
indicates generally
increasing total dissolved
solids, from dilute inflow
sources to saline and soda
lakes such as Pyramid
Lake, Nevada
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first thermodynamically driven (i.e. abiotic) min-
eralization process to affect the geochemistry of
lake waters. This can occur at relatively dilute
concentrations and is often associated with either
the physical margins of (calcium-free) alkaline
brines or, in the central basin, with an influx of
Ca-bearing freshwater into the basin, such as
during monsoonal rains. Calcite precipitation is
the first of the “chemical divides” of Eugster and
Hardie (1978)—critical mineral precipitation
events that determine the subsequent fate of
brine geochemistry. The chemical divide
stipulates that once a mineral is supersaturated
in an evaporating solution, it will precipitate until
one of the solutes (whichever one is less
concentrated in the dilute solution) is effectively
consumed. This is why the Ca/HCOj ratio is so
important in dilute waters: waters in which Ca >
HCO; will effectively lose all carbonate once
calcite precipitates, whereas waters in which Ca
< HCO; will effectively lose all calcium. The
latter is associated with soda lake development.
Later in the evaporative evolution of waters, as
salinity increases, other chemical divides come
into play, such as gypsum (a divide between Ca

cr

and SO,), magnesite (MgCOs;—a divide between
Mg and COj;) and others (Fig. 4.7) (Deocampo
and Jones 2014).

The importance of initial Ca/HCOj ratios in
dilute inflow is highlighted in Fig. 4.8. In the case
of the “high Ca” path, waters evolve into sulfo-
chloride brines nearly devoid of carbonate—
examples of these include the salt lakes of the
Northern Great Plains of North America (Last
1992; Last and Ginn 2005). In the case of the
“low Ca” path, precipitation of alkaline earth
carbonates eliminates Ca (and possibly Mg)
from solution. Any Mg remaining in solution
after carbonate precipitation is subsequently
eliminated by sulfate precipitation. Thus, the
East African soda lakes have very little Ca or
Mg in ambient waters.

Waters flowing into the East African lakes
have variable compositions, but those in the vol-
canic regions of Kenya, Ethiopia and Tanzania
are usually Na- or Ca-dominated among cations
in dilute waters, reflecting silicate hydrolysis of
the abundant feldspars and glass in parent bed-
rock (Deocampo and Jones 2014; Renaut
et al. 2013). Potassium is commonly the
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Fig. 4.7 Simplified flow
chart of evaporative
evolution of a closed-basin
brine, with greater
evaporative concentration
towards the bottom of the
diagram, from Deocampo
and Jones (2014),
following Eugster and
Hardie (1978). Solute
labels refer to total charged
aqueous species

(in equivalents), and “CO3”
refers to all aqueous
carbonate species. Flow

paths do not account for the i Gypsum MaslnceOSIte :
many environmental v CaS0s2H0 ¢ voVEs
S0,=0 Ca=0 C0,=0

complexities that impact
geochemical evolution,
such as hydrologic
fluctuations, solute
recycling and leakage and
others as discussed in the
text

Antarcticite
CaCl,*6H,0

subsidiary cation. Mg is rarely important because
ultramafic rocks and Mg-rich basement
(e.g. serpentinite) are uncommon, but Mg can
be high in basaltic terrains. The anions in inflow
are dominated by carbonate species, with vari-
able but commonly high chloride concentrations
and variable sulfate. Sulfate is highest where the
drainage basin is partly floored by sulfide-
bearing metamorphic basement rocks or contains
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sedimentary rocks that formed in anoxic settings
where pyrite formed and became available for
oxidation. Gypsum (CaSO,4-2H,0) and anhydrite
(CaS0Oy) are rare in bedrock except where seawa-
ter mixed with continental waters, for example,
in the Afar region. Near volcanic centres, some
sulfur can originate from magmatic sources
(as H,S, SO, or other species). Sulfate-rich
waters are rare but contribute to runoff or lake
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Fig. 4.8 Ternary diagram
of solute compositions in
idealized evaporatively
concentrated waters, from
Deocampo and Jones
(2014). The path taken and
the ultimate fate of the
brine depend on how
rapidly Ca" is depleted,
relative to Mg>*. Kieserite
(MgS04-H,0) represents

all the hydration states of . .
Kieserite
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waters where they derive from condensates. Sil-
ica and fluoride are also high in dilute waters,
reflecting the dominance of the volcanic rocks.
Early precipitation of the alkaline earths, Ca
and Mg, as solid phases is a critical stage in
development of sodium carbonate brines
(Deocampo and Jones 2014; Eugster and Jones
1979; Kilham and Cloke 1980; Renaut and
Gierlowski-Kordesch 2010). Such precipitates
can take many forms in lacustrine settings or in
the surrounding watershed (Fig. 4.4a-h). Cal-
cium carbonate commonly forms at the land sur-
face and in near-surface sediments and soils; at
spring vents and in their proximal outflow
channels where fed by ambient to warm, dilute
meteoric waters; in hydrothermal systems where
they precipitate from deeply circulating hot
groundwaters, both at the surface and in the
subsurface; and, at times, in lakes by various
abiotic and biological processes. Additionally,
organisms—yvertebrates, invertebrates and
microbes—remove calcium directly to form
skeletal matter (invertebrate shells and skeletal
components such as fish bones and otoliths) or
indirectly by metabolic and passive mediation

HCO;
+CO3_

(microbialites and biologically induced precipi-
tation in lakes) and early diagenetic processes
(e.g. bacterial formation of carbonate concretions
and nodules in sediments). Precipitation of cal-
cium (with or without magnesium) carbonate
removes both alkaline earths and carbonate spe-
cies from the fluid. If, however, the carbonate
concentration (HCO5;™ and CO32’) exceeds that
of alkaline earths, then the action of the chemical
divide will result in depletion of Ca (and Mg).
Although many processes are involved, the result
is sodium-rich alkaline fluids that have been
depleted of Ca and Mg, flowing towards closed-
basin lakes from both rivers and groundwaters.
Throughout the drier parts of East Africa but
especially on the semiarid rift valley floors, cal-
cite often precipitates in near-surface sediments
and soils. There, it forms cement and veins in
siliciclastic sediments and permeable volcanic
rocks and thinly encrusts sand and gravel clasts
and/or bedrock with variable lateral continuity
(Deocampo 2010). In places, enough CaCOj;
precipitates to form beds of calcrete, locally up
to ~50 cm thick, composed of variably cemented
sediments, isolated nodules, pisoids millimetres
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to centimetres in diameter, cemented nodules and
laminated limestone (Hay and Reeder 1978)
(Fig. 4.9a and b). Most calcretes reflect periods
when climate, hydrology and tectonics remained
fairly stable. These near-surface carbonates and
calcretes form by several methods including pre-
cipitation from evaporation of downward-
percolating runoff and precipitation from season-
ally fluctuating shallow groundwaters near the
water table, by replacement of existing rocks
and through pedogenic processes. In the latter,
plants and associated biota, either directly or
indirectly, induce calcium carbonate precipita-
tion, for example, photosynthesis or evapotrans-
piration. In places, evidence for plants is
preserved in the form of rhizoliths (root casts
and related structures) (Fig. 4.9a; Cohen 1982;
Owen et al. 2008). These soil and groundwater
processes are regionally important in removing
Ca and Mg from dilute surface- and
groundwaters moving towards lakes.
Groundwater derived from runoff circulates
deeply along faults and fractures on the rift floors
(Fig. 4.9¢c). Some groundwater is derived from
the elevated rift margins that receive high rain-
fall; other waters originate locally. These fluids
can be discharged into rivers or lakes after shal-
low circulation, moving laterally or axially along
the rift floors, with fractured volcanic rocks,
porous volcanic ash layers, paleosols and perme-
able siliciclastic sediments serving as aquifers.
Other fluids move into deeper aquifers, and some
may discharge hundreds of kilometres from
where the rains fell on the land surface (Kaufman
et al. 1990). Those that are locally derived, or
which have not circulated to great depths, may
discharge at the surface as ambient-temperature
or warm springs or may seep into lakes. The
deeper fluids, which have sometimes reached
depths of several kilometres, flow at the surface
as hot springs or form steam vents and fumaroles.
These deeper fluids are usually more saline than
surface waters, and some are enriched by volca-
nic gases, including CO,. These deeper hot fluids
commonly interact with the volcanic bedrock,
which changes their chemical composition
through hydrothermal alteration processes. In
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the East African Rift, such deep, hot fluids con-
tribute to waters in many soda lakes.

As in dilute lakes, the concentrations of
nutrients (i.e. N, P) in soda lakes are controlled
by primary productivity and biogeochemical
cycling (Cohen 2003). Therefore, they tend not
to rise in concentration due to evaporative con-
centration (as opposed to the major solutes).
Indeed, potentially lower abundances of
heterotrophs in soda lakes can lead to very high
primary productivity and preservation of organic
matter in lacustrine bottom waters and sediment

(Deocampo and Jones 2014; Renaut and
Tiercelin 1994). As a result, stratification
enhanced by salinity gradients commonly

produces anoxic bottom waters, leading to
metal sulfide precipitation (Domagalski
et al. 1990).

Calcium carbonate is precipitated locally at
springs in the form of tufa (from dilute ambient
and warm (<45 °C) Na-Ca-HCO; waters) and as
travertine (from higher-enthalpy hot springs). In
porous tufa, plants, mosses and microbial
remains are commonly encrusted by calcite, usu-
ally linked to photosynthetic removal of CO,. In
travertine, calcite and aragonite precipitates from
very hot waters undergoing exsolution of carbon
dioxide at the land surface (Fig. 4.9¢) (Lee
et al. 2013; Renaut et al. 2013). Some precipita-
tion occurs subaqueously on lake floors, forming
chimney-like mounds of carbonate (Dekov
et al. 2014). Ca-depleted spring outflow then
flows into the drainage system or directly into
lakes.

Ca and Mg carbonates also form in the lakes
themselves by several methods, depending on the
lake status at that time (Deocampo 2010;
Hargrave et al. 2014). Alkaline earth carbonates
precipitate when a lake is relatively dilute or
when dilute river- or groundwaters mix with
existing saline, alkaline waters. In open lakes
with through-flowing waters, the lake waters
may remain undersaturated with respect to
CaCQO;, although Ca may be removed by
organisms as skeletal components (Fig. 4.9f).
Once saturated, however, CaCO5; may precipitate
in the water column by several processes. The
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Fig. 4.9 Sites where alkaline earths (mainly calcite) are
removed from waters flowing into soda lakes. (a, b)

Soils and near-surface sediments. (a) shows rootcasts,
(Loboi Plain, Kenya). (b) Cemented calcite nodules
forming calcrete (Dry Lagoon, Magadi, Kenya). (¢) Cal-
cite precipitated from groundwater along fault plane cut-
ting basaltic scoria cone (Karosi, Baringo, Kenya). (d)
Pleistocene tufa precipitated around reeds in outflow from
calcareous spring (Pleistocene, Olorgesailie, Kenya). (e)

Travertine (calcite) that has precipitated from boiling
waters at the vent of a perpetually spouting hot spring,
Loburu, Lake Bogoria, Kenya. (f) Fossil oyster shells
(Etheria sp.) (early Holocene lake marginal sediments,
Lake Turkana, Kenya). (g) Large oncoids (microbialites)
along paleoshoreline (early Holocene, Galana Boi Forma-
tion, near lleret, Lake Turkana, Kenya). (h) Calcite
stromatolites encrusting shoreline gravel and boulders,
southern Lake Bogoria, Kenya
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effects of biotic activity are commonly evident
less in the uptake of major solutes than in strong
control of water column pH. For example, evap-
orative concentration and solar heating may be
enough for carbonate crystals to nucleate, but
photosynthetic removal of CO, by plankton can
strongly promote nucleation in surface waters.
These crystals then settle through the water col-
umn which, if supersaturated, enables accumula-
tion of micritic mud on the lake floor. Ca and Mg
carbonates also precipitate around lake margins
in efflorescent crusts and in beach rock (e.g. NE
Lake Turkana: Johnson et al. 1991; Lake Eyasi:
Deocampo 2002), where carbonate precipitates
as cements in littoral sands.

Microbialites (stromatolites, thrombolites)
form only when the lake is sufficiently saturated
for CaCOj; to precipitate from ambient waters
(Fig. 4.9g and h) (Casanova 1994; Deocampo
2010). With evaporative concentration and with-
out replenishment in a closed basin, Ca®*
becomes depleted as the lake volume shrinks
and the formation of stromatolitic limestones
ceases. The carbonates are therefore preserved
within a narrow vertical range or “window”
around the lake margins (Renaut et al. 2013),
and they do not form when the salinity is high
in soda lakes. When dilute inflows from surface-
or groundwaters reach the margins of such a lake,
the incoming alkaline earths may cause intense
carbonate precipitation in the zone of mixing; if
the inflow is focused on one side of the lake, this
may result in an abundance of sedimentary car-
bonate on only that side of the lake.

Mixing of dilute, Ca-bearing inflow with alka-
line sodic waters can sometimes induce precipi-
tation of mixed salts such as pirssonite and
gaylussite (Deocampo 2010; Frost and Dickfos
2007). The effects of the chemical divide on
dilute waters are so strong that simply evaporated
dilute inflow cannot produce salts such as
these—they require an admixture of dilute
Ca-bearing water into soda brine. These can
form plumes of minute crystals that are blown
onshore and accumulate in lake marginal muds,
such as those recorded at Lake Bogoria, Nasikie
Engida and other soda lakes.
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At high salinities, Natron or trona commonly
precipitates from sodium carbonate brines, with
Natron precipitation generally restricted to lower
temperatures (Jones et al. 1977; Renaut and Long
1989). If waters have high pCO,, far above the
levels that occur through simple equilibration
with ambient atmospheric CO,, then nahcolite
may precipitate (Garrels and Christ 1965).
Under modern atmospheric CO; levels, nahcolite
is therefore generally restricted to hyper-
carbonic brines, for example, due to biogenic or
volcanogenic  CO,  enrichment (Earman
et al. 2005; Mees et al. 1998).

4.5 Conclusions

Soda lakes form in hydrologically closed basins
where dilute inflow has very high alkalinity, typ-
ically associated with both weathering of volca-
nic rocks and discharge of hydrothermal fluids.
Many of the geochemical processes observed in
East Africa are also known to occur in soda lakes
throughout the world; however, soda lakes tend
to form in East Africa because the unique tec-
tonic, volcanic, hydrothermal and climatological
settings all favour soda lake formation. The high
alkalinity of soda lakes is generally attributable
to silicate hydrolysis of easily weathered volca-
nic rocks in the drainage basin, a process that
may be enhanced by the presence of high-CO,
hydrothermal waters. Because dilute inflow in
these settings has a Ca** < HCO5™ ratio, upon
calcium carbonate precipitation, Ca and Mg are
effectively removed from the waters. The car-
bonate sediments associated with this process
commonly form extensive cements, calcrete,
nodules, pisoids, laminites and other deposits.
Because Ca and Mg are removed early in the
process of brine evolution, soda lake cations are
dominated by Na. Thus, freshwater input—such
as groundwater or surface runoff—is usually
required for precipitation of carbonates within a
soda lake. At more extreme salinities, evaporites
such as sodium carbonates may form, as well as
double salts of sodium-calcium carbonate if a
freshwater source of calcium is introduced.
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Organisms inhabiting soda lakes have developed special adaptations to cope
with high pH and salinity. The biodiversity of Bacteria and Archaea is
extremely high in the hypo- and mesosaline range; for other groups, a low
diversity is assumed because the extreme conditions exclude many
organisms. Those adapted to the saline alkaline environment thrive and
reach densities that are ranked amongst the world’s highest. The productivity
of soda lakes is comparable to tropical rain forests, and, often, the
cyanoprokaryote Arthrospira fusiformis dominates the water column. This
species is known to the public under the trademark “Spirulina” and sold as a
food supplement. The East African soda lakes are renowned for their huge
flocks of flamingos, and hundreds of thousands of tourist visit these lakes to
enjoy this spectacle, but the systems also host many other fascinating
organisms. The following chapters review the different groups, from viruses,
Archaea and Bacteria and micro- and macrophytes to animals such as
protozoans, insects, fish and birds. Interactions of the food web
compartments, the erratic community shifts, biodiversity and productivity
are also discussed.
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Abstract

The soda lake environment presents microorganisms with many
combinations of physical and chemical extremes, amongst them extremes
of alkaline pH, salinity (NaCl), temperature and incident radiation and
water and oxygen availability. Despite this harsh regime, soda lakes are
fertile habitats for an enormous diversity of alkaliphilic prokaryotic
microbiota, which in turn is a host to a range of alkaliphilic viruses. The
main driver for these ecosystems is the prodigious rate of photosynthetic
primary production provided by alkaliphilic Cyanobacteria and
anoxygenic phototrophic Bacteria, which deliver fixed carbon for a vast
array of aerobic and anaerobic chemoorganotrophic Bacteria and Archaea.
Many of these microbes are unique to soda lakes although the soda lake
microorganisms are found within all the main prokaryotic evolutionary
divisions and amongst all the major trophic groups and often have relatives
or counterparts in freshwater and salt lake ecosystems.

Due mainly to their often difficult accessibility and a general lack of
familiarity with soda lakes, they were little explored by microbiologists
until the 1980s, when systematic studies began on the alkaline lakes of the
East African Rift System (EARS) in Kenya. The investigations in East
Africa stimulated and inspired examination of other soda lakes around the
globe. Accordingly, as of today (June 2015), around 200 Bacteria and
Archaea, many of them novel or unique to soda lakes, have been reported.
Based on analyses in the EARS soda lakes, the microorganisms involved
in the cycling of carbon, together with nitrogen and sulphur, in soda lakes
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worldwide can now be construed with some confidence, revealing a
complex trophic web of microbial interactions. This chapter provides a
reference for the microbiota of the EARS soda lakes, as determined by
culture-dependent and culture-independent methods, in relation to that in

brine with constant replenishment from surface
or subsurface sources. Moreover, many of these
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soda lakes around the world.
5.1 Introduction
Soda lakes are highly alkaline aquatic

environments. Often impermanent in nature,
they are widely distributed around the world
(Table 5.1). Most soda lakes are confined to arid
or semiarid subtropical latitudes in continental
interiors or rain shadow zones in areas that include
the East African Rift System (EARS), regions of
California and Nevada, the Inner Mongolia Auton-
omous Region stretching to Tibet and the Kulunda
Steppe in South Siberia (Russia).

As the name implies, these lakes contain large
amounts of soda (sodium carbonate, Na,COs, or
complexes of this salt), formed by evaporative
concentration. All of these soda lakes share cer-
tain features in common, and there seems to be
universal agreement that the most important char-
acteristic is the lack of alkaline earth cations, Ca**
and Mg”, in the rocks of the water-catchment
area. The amount of Ca*" in the local geology
(and to a lesser extent Mg2+) is critical in deter-
mining the final pH of brines. Waters high in Na™,
Cl™ and HCO37/CO327 evaporate down, and
when the concentration of HCO; /CO5>~ greatly
exceeds that of any Ca*" and Mg”", these cations
precipitate as insoluble carbonates, leaving behind
an alkaline brine that develops as a consequence
of a shift in the CO,/HCO; /CO5*~ equilibrium
towards CO5”". This causes the development of a
soda (Na,COs) lake with pH values usually
between 10 and 11, occasionally > pH 12. Fre-
quently, NaCl co-concentrates with Na,COj3_ pro-
ducing an alkaline and saline brine. The genesis of
such lakes is described in detail in WoldeGabriel
et al. (Chap. 2).

Some of the African lakes have, however,
some claim to being unique, in that, unlike most
of the other sites, they are standing bodies of

soda lakes are in areas of active volcanism and as
such are frequently associated with alkaline hot
springs, making the sites complex biological
systems. Total salinities in the East African
soda lakes (EASL) vary with the rainy season
and range from around 5 % (w/v) total salts in
the more dilute lakes such as lakes Elmenteita,
Bogoria and Nakuru, made up mainly from
roughly equal amounts of NaCl and Na,COj; at
a pH of about 11, to saturated brines like Lake
Magadi at > 30 % (w/v) total salts, again
dominated by NaCl and Na,COj; at pH values
approaching 12. Measurement of such high pH in
the presence of large amounts of Na™ presents
technical problems, so there is some doubt about
exactly how alkaline the most concentrated lakes
actually are. Calculations of pH based on ionic
composition suggest pH 12 is probably the upper
pH limit, making these lakes amongst the most
alkaline naturally occurring environments on the
surface of the Earth.

Microorganisms that inhabit soda lakes have
to be of necessity alkaliphilic or at least
alkalitolerant. The term ‘alkaliphile’ is usually
reserved for microorganisms growing optimally,
or very well, at pH values above 9, often with pH
optima for growth around 10, showing little
or no growth at near neutral pH values. Such
organisms inhabit the more dilute lakes, whereas
‘haloalkaliphiles’, which are generally held to be
alkaliphiles with an additional obligate require-
ment for at least 1.5-2 M NaCl for optimum
growth, are characteristically found in the hyper-
saline soda lakes like Lake Magadi and Lake
Natron. Occasionally, there is a preference for
sodium carbonates over sodium chloride, and
these organisms are sometimes additionally
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Worldwide distribution of soda lakes and soda deserts (modified from Grant and Sorokin 2011)

Lake Aranguadi, Lake Kilotes, Lake Abijatta, Lake Shala, Lake Chitu, Lake Hertale, Lake Metahara
Lake Bogoria, Lake Nakuru, Lake Elmenteita, Lake Magadi, Lake Simbi, Crater Lake (Lake Sonachi),

Lake Natron, Lake Embagi, Lake Magad, Lake Manyara, Lake Kusare, Lake Tulusia, El Kekhotoito,

Momela Lakes, Lake Lekandiro, Lake Reshitani, Lake Lgarya, Lake Ndutu, Lake Balangida, Basotu

Table 5.1
Africa
Libya Lake Fezzan
Egypt Wadi Natrun
Sudan Malha Crater Lake, Dariba Lakes
Ethiopia
Kenya
Lake Turkana
Tanzania
Crater lake
Uganda
Lake Munyanyange, Lake Nunyampaka.
Chad
Botswana Lake Ngami, Makgadikgadi Pan

The rest of the world

Lake Rukwa North, Lake Katwe, Lake Mahega, Lake Kikorongo, Lake Nyamunuka, Lake Murumuli,

Lake Bodu, Lake Rombou, Lake Dijikare, Lake Momboio, Lake Yoan

Canada Lake Manito, Goodenough Lake

United Alkali Valley, Albert Lake, Lake Lenore, Soap Lake, Big Soda Lake, Owens Lake, Mono Lake, Searles

States Lake, Deep Springs, Rhodes Marsh, Harney Lake, Summer Lake, Surprise Valley, Pyramid Lake,
Walker Lake, Alkali Lake, Borax Lake, Union Pacific Lakes (Green River), Ragtown Soda Lakes

Mexico Lake Texcoco, Lake Alchichica

Venezuela  Lagunilla Valley

Chile Antofagasta

Hungary Lake Feher, Kelemen-szék

Russia Kulunda Steppe, Kunkuskaya Steppe, Altai Steppe, Tanatar Lakes, Transbaikal, Karakul, Araxes Plain,
Chita, Barnaul, Slavgorod, Buryatia, Tuva, Lake Shuluutai, Lake Verkhnee Beloe, Lake Nizhnee Beloe,
Lake Ostozhe, Lake Doroninskoe, Lake Khatyn, Lake Malye Kasytui

Turkey Lake Van, Lake Salda

Iran Lake Urmia

India Lonar Lake, Sambhar Lake

China Various ‘nors’; Qinhgai Hu, Sui-Yuan, Heilungkiang, Kirin, Jehol, Chahar, Shansi, Shensi, Kansu; Lake
Chahannor, Lake Chagannor, Lake Zabuye, Bange Lake, Lake Baer, Lake Wudunao, Lake Hamatai,
Xiarinaoer Lake, Dali Lake, Lake Xiaokule, Lake Bagaejinor, Haoji Lake

Mongolia Lake Horsemeno, Lake Dzun Ulziin

Australia Lake Corangamite, Red Rock Lake, Lake Werowrap, Lake Chidnup

designated as
Sorokin 2013).

‘natronophilic’ (Banciu and

5.2  Soda Lake Bacteria

Soda lakes and soda deserts have been the object
of microbiological analyses for well over a
century. A pioneering morphological and culture
study was carried out by Isachenko in 1931-1933
on lakes of the Kulunda Steppe region of Siberia,
although the original publications in Russian did
not receive much attention for many years until
English translations became available (Isachenko
1951). Although there appear to be some

inconsistencies in the English translation, it is
clear from this account and references to the
Russian literature that microbiological studies
on Kulunda Steppe lakes date back to the end
of the nineteenth century. It was about the same
time that geochemical and microbiological
studies were also reported on the Wadi Natrun
(Egypt) lakes (Schweinfurth and Lewin 1898
cited by Oren 2013; Sickenberger 1892). It can
be argued that the African lakes were the first
soda lakes to receive modern, detailed
microbiological analyses, although in recent
years there has been significant interest in other
sites, particularly the Kulunda Steppe region of
Russia, but also the Inner Mongolian lakes and
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the unusual impact crater lakes, Lonar Lake in
India and Mono Lake in California.

Soda lake microbiology has been reviewed
several times over the years, from the first gen-
eral review by Grant and Tindall (1986). Thus,
there are general reviews by Grant (1992, 2003,
2006), Grant and Mwatha (1989), Grant and
Jones (2000), Jones and Grant (2000) and Jones
et al. (1994, 1998a, b). Antony et al. (2013) have
reviewed the microbiology of Lonar Lake in
India and have included general aspects of soda
lake microbiology. Very recently, Sorokin
et al. (2014a) have updated our current under-
standing of microbial diversity and biogeochem-
ical cycling in soda lakes. There are reviews
concerned with specific aspects such as
applications (Grant et al. 1990; Grant and
Horikoshi 1992), sulfur oxidisers (Sorokin and
Kuenen 2005a, b; Sorokin et al. 2006), aerobic
chemoorganotrophs and  chemolithotrophs
(Grant and Sorokin 2011) and the anaerobe com-
munity (Zavarzin et al. 1999; Zhilina and
Zavarzin 1994), and Grant et al. (2011) specifi-
cally reviewed the microbiology of several Inner
Mongolian soda lakes.

One of the striking facts about soda lakes is
that, despite inhospitable caustic conditions,
these environments are extremely productive
because of high ambient temperatures, high
light intensities and effectively unlimited
supplies of CO, via the HCO; /CO5*7/CO,
equilibrium. Primary production rates in excess
of 10 g C m~2 day ' have been recorded (the
mean primary productivity of streams and lakes
of the world is about 0.6 g C m 2 day '), making
these the most productive aquatic environments
anywhere in the world (Melack and Kilham
1974; Oduor and Schagerl 2007; Talling
et al. 1973; Whittaker and Likens 1973. It is
generally considered that photosynthetic primary
productivity, mainly the result of the dense
blooms of Cyanobacteria (up to 13,000
cyanobacterial filaments mL™") (Grant 1992),
supports the rest of the microbial community.
These Cyanobacteria blooms are usually
dominated by what used to be known as Spiru-
lina (now Arthrospira) spp., but in different
lakes and also depending on seasonal factors,

W.D. Grant and B.E. Jones

Cyanospira spp. and unicellular forms, which
might be Synechococcus or Chroococcus, may
also be common (Jones and Grant 2000). The
cyanobacterial population of the African lakes
is considered in detail in Krienitz and Schagerl
(Chap. 6).

Anoxygenic phototrophic Bacteria are also
capable of forming visible blooms in soda
lakes. In early studies based on morphological
data, Isachenko (1951) and Jannasch (1957)
observed visible accumulations of anoxygenic
phototrophs in Kulunda Steppe lakes and the
Wadi Natrun lakes in Egypt. Anoxygenic
phototrophs at the Wadi Natrun sites were later
confirmed and studied by Imhoff et al. (1978,
1979, 1981) and Imhoff and Triiper (1977). The
first recorded culture-based study on an East
African lake was by Grant et al. (1979), who
isolated an Ectothiorhodospira sp. from the rela-
tively dilute Lake Bogoria (Kenya). The ubiqui-
tous and probably universal presence of these
particular anaerobic phototrophs in soda lakes
was confirmed by the detection of Ectothior-
hodospira vacuolata in both East African and
Wadi Natrun lakes (Imhoff et al. 1981). There
are now a considerable number of other
anoxygenic phototroph isolates recorded from
soda lakes, including African soda lakes. Grant
and Tindall (1986) recorded phototrophs in
saltern brines at hypersaline Lake Magadi as
revealed by the presence of typical peaks in
absorption spectra of the brines (Fig. 5.1),
where there is a pronounced absorption maxi-
mum at around 800 nm characteristic of bacteri-
ochlorophyll, microscopic examination again
suggesting Ectothiorhodospira or more likely
Halorhodospira spp. The absorption maximum
at the shorter wavelengths is attributable to a mix
of bacteriochlorophyll and a larger component of
archaeal carotenoids.

Since those early studies, there have been
further investigations on other soda lakes
emphasising the importance of the anoxygenic
phototrophs. Sorokin et al. (2004b) did a wide-
ranging study of several geochemically signifi-
cant physiological groups of Bacteria in more
than 20 alkaline salt lakes of the northeast Mon-
golian steppe with water salinity from 3 to
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Fig. 5.1 Absorption
spectrum of Lake Magadi
saltern brine (redrawn from
Grant and Tindall 1986)
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390 g L' and pH values ranging from 9.0 to
10.6. Active and diverse microbial communities
have been found in most of the lakes. Purple
sulfur Bacteria of the Ectothiorhodospiraceae
family represented the largest population of
anaerobic phototrophic Bacteria. Salinity was
the key factor in determining the activity and
the composition of the microbial communities.
The most diverse and active prokaryotic
populations, including aerobic and anaerobic
phototrophs, were found in lakes with salinity
less than 60 g L™'. Kompantseva et al. (2007)
looked at the structure of the anaerobic
phototrophic communities of soda lakes of the
southeastern Transbaikal region. Here,
communities were characterised by a wide diver-
sity and evenness of species composition. Purple
sulfur Bacteria of the families Ectothiorhodos-
piraceae and Chromatiaceae were predominant.
Purple non-sulfur Bacteria of the family
Rhodobacteraceae, green filamentous Bacteria
Oscillochloris sp. and heliobacteria were also
detected. According to this study, no less than
15 species of anaerobic phototrophic Bacteria
occur in the studied lakes. Russian scientists
(Gorlenko et al. 2010; Bryantseva et al. 2000c)
looked at the cultivable microbial communities of
the stratified soda Lake Doroninskoe (Transbaikal
region) particularly in respect of phototrophic and
sulfur cycle organisms. Bacteriochlorophyll
a-containing aerobic anoxygenic phototrophic
Roseinatronobacter sp. capable of thiosulfate oxi-
dation was isolated from samples collected from
the aerobic zone. Purple sulfur Bacteria belonging
to the species Thioalkalicoccus limnaeus,

500 800
WAVELENGTH (nm)

Ectothiorhodospira variabilis and Ectothior-
hodospira shaposhnikovii were isolated from
samples of deep silt sediments. These Bacteria
were the major anaerobic phototrophs in the shore-
line algal-bacterial mat. Ectothiorhodospira
shaposhnikovii, purple non-sulfur Bacteria of the
genera Rhodobacter and Roseococcus sp. were
isolated from the samples collected from mud.
These observations around the world indicate
that anoxygenic phototrophic Bacteria must
make a significant, if as yet unquantified, contri-
bution to the primary productivity in soda lakes.

5.2.1 Aerobic Chemoorganotrophs

(African Soda Lakes)

There are now more than 150 descriptions of
bacterial species that have been isolated from
soda lakes or other soda-rich environments
around the world (Table 5.2). Table 5.2 does
not include Cyanobacteria since these oxygenic
phototrophs are considered in Krienitz and
Schagerl (Chap. 6). Isolates are numerically
dominated by members of the Proteobacteria
and Firmicutes with roughly equal numbers of
aerobes and anaerobes. The vast majority have
relatives living in less extreme environments,
although there are two isolates that, to date,
represent distinct lineages with no other
representatives in culture.

As noted above, the first culture-based studies
on African soda lakes largely relate to
anoxygenic phototrophic Bacteria, but it is also
clear from reading an early review of soda lake
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Table 5.2 Isolates of soda lake Bacteria

Soda lake Bacteria

Species

Aerobic organotrophs
Alcalilimnicola halodurans®
Alkalilimnicola ehrlichii®™
Alkalibacillus haloalkaliphilus®*
Alkalimonas amylolytica®
Alkalimonas delamerensis”
Amphibacillus haojiensis®
Amphibacillus jilinensisb*
Bacillus alkalicola®

Bacillus alkalidiazotrophicusb
Bacillus alkalisediminis®
Bacillus arsenicoselenatis®
Bacillus aurantiacus®
Bacillus beveridgeib
Bacillus bogoriensis®
Bacillus caseinilyticus®
Bacillus chargannorensisb
Bacillus daliensis®

Bacillus dagingensis®
Bacillus locisalis®

Bacillus lonarensis®
Bacillus selenitireducens®
Belliella kenyensis®
Bogoriella caseilytica®
Cecembia lonarensis™
Cellulomonas bogoriensis®

Cohaesibacter haloalkalitolerans®

Dietzia natronolimnaea®
Georgenia satyanarayanai®
Halolactibacillus alkaliphilusb
Halomonas alkalitolerans®
Halomonas campaniensis®
Halomonas campisalis®

Halomonas chromatireducens®
Halomonas kenyensis®
Halomonas magadiensis®
Halomonas mongoliensis®
Indibacter alkaliphilus™
Jonesia quinghaiensis®
Litoribacter ruber"
Lunatimonas lonarensis"
Marinospirillum alkaliphilum®
Marinospirillum celere®
Mongolicoccus roseus"
Mongoliitalea Iuted"
Nesterenkonia aethiopica®

Original location

Lake Natron, Tanzania

Mono Lake, CA, USA

Sambhar Lake, India

Lake Chahannor, Inner Mongolia
Lake Elmenteita, Kenya

Haoji soda lake, Inner Mongolia
Soda lake, Jilin, China

Lake Zabuye, Tibet

Soda soils, Mongolia

Soda ponds, Kiskunsag, Hungary
Mono Lake, CA, USA

Soda lake, Hungary

Mono Lake, CA, USA

Lake Bogoria, Kenya

Lonar Lake, India

Lake Chagannor, Inner Mongolia
Dali Lake, Inner Mongolia

Soda soil, Daqing, China

Soda lakes, China, Kenya, Tanzania

Lonar Lake, India

Mono Lake, CA, USA

Lake Elmenteita, Kenya
Lake Bogoria, Kenya

Lonar Lake, India

Lake Bogoria, Kenya

Lonar Lake, India

Lake Nakuru, Kenya

Lonar Lake, India

Xiarinaoer Lake, Inner Mongolia
Soda meadow, Heilongjiang, China
Alkaline mineral pool, Italy
Alkali Lake, WA, USA

Lake Magadi, Kenya

Soda soil, Kulunda, Russia
Lake Magadi, Kenya

Lake Magadi, Kenya

Soda lake, Mongolia

Lonar Lake, India

Soda lake, Qinghai, China
Soda lake, Yongsheng, China
Lonar Lake, India

Haoji Lake, Inner Mongolia
Mono Lake, CA, USA

Lake Horsemeno, Mongolia
Lake Dugerno, Mongolia
Lake Abijatta, Ethiopia
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Reference

Yakimov et al. (2001)
Hoeft et al. (2007)

Fritze (1996), Jeon et al. (2005)
Ma et al. (2004b)

Ma et al. (2004b)

Zhao et al. (2004)

Wu et al. (2010)

Zhai et al. (2014)

Sorokin et al. (2008f)
Borsodi et al. (2011)
Blum et al. (1998)
Borsodi et al. (2008b)
Baesman et al. (2009)
Vargas et al. (2005)
Reddy et al. (2015b)
Carrasco et al. (2007b)
Zhai et al. (2012)

Wang et al. (2014)
Marquez et al. (2011), Reddy
et al. (2015d)

Reddy et al. (2015a)
Blum et al. (1998)
Akhwale et al. (2015a)
Groth et al. (1997)

Kumar et al. (2012)

Jones et al. (2005)
Sultanpuram et al. (2013)
Duckworth et al. (1998)
Srinivas et al. (2012)

Cao et al. (2008)

Wang et al. (2011)
Romano et al. (2005b)
Mormile et al. (1999),
Boltyanskaya et al. (2004)
Shapovalova et al. (2009)
Boltyanskaya et al. (2007)
Duckworth et al. (2000)
Boltyanskaya et al. (2007)
Kumar et al. (2010a)
Schumann et al. (2004)
Tian et al. (2010)

Srinivas et al. (2014)
Zhang et al. (2002a)
Namsaraev et al. (2009)
Liu et al. (2012)

Yang et al. (2012)
Delgado et al. (2006)

(continued)



5 Bacteria, Archaea and Viruses of Soda Lakes

Table 5.2

Species

Nesterenkonia suensis®
Nitrincola lacisaponensis®
Paracoccus bogoriensis®
Roseinatronobacter thiooxidans®

Roseinatronobacter monicus®
Roseococcus suduntuyensisd
Salinicoccus alkaliphilush
Salinicoccus halitifaciens®
Salinicoccus kekensis®

Salisediminibacterium
haloalkalitolerans®

Salisediminibacterium halotolerans®
Salsuginibacillus halophilus®
Salsuginibacillus kocurii®
Streptomyces alkaliphilus®
Streptomyces alkalithermotolerans®
Texcoconibacillus texcoconensis®
Anaerobic organotrophs
Alkalibacter saccharofermentans®
Alkaliflexus imshenetskii™
Alkaliphilus peptidofermentans®
Alkalitalea saponilacusb
Amphibacillus fermentum®
Amphibacillus tropicus®
Anaerobacillus alkalilacustre®
Anaerobranca gottschalkiib
Anaerovirgula multivorans®
Anoxynatronum sibiricum®

‘Candidatus Contubernalis
alkalaceticum™®

‘Candidatus Syntrophonatronum
acetioxidans’®

Chitinivibrio alkaliphilus®"
Geoalkalibacter ﬁerrihydriticuxf

Halanaerobium hydmgenofbrmansb*
Halarsenatibacter silvermanii®
Halonatronum saccharophilumb
Natranaerobaculum magadienseb
Natranaerobius thermophilus®
Natranaerobius trueperib
Natranaerovirga hydrolyz‘icab
Natranaerovirga pectinivorab
Natroniella acetigena®
Natroniella sulﬁdigenab
Natronincola ferrireducens
Natronincola histidinovorans®

b

continued: Soda lake Bacteria

Original location

Alkaline salt pan, Botswana
Soap Lake, WA, USA
Lake Bogoria, Kenya

Soda lake, Kunkuskaya Steppe,
Russia

Mono Lake, CA, USA
Lake Shuluutai, Russia
Baer Lake, Inner Mongolia
Lonar Lake, India

Lake Xiaokule, China
Lonar Lake, India

Xiarinaoer Lake, Inner Mongolia
Xiarinaoer Lake, Inner Mongolia
Lake Chagannor, Inner Mongolia
Lake Elmenteita, Kenya

Lonar Lake, India

Lake Texcoco, Mexico

Lake Nizhnee Beloe, Russia
Lake Verkhnee Beloe, Russia
Lake Verkhnee Beloe, Russia
Soap Lake, WA, USA

Lake Magadi, Kenya

Lake Magadi, Kenya

Lake Khatyn, Russia

Lake Magadi, Kenya

Owens Lake, CA, USA

Lake Nizhnee Beloe, Russia
Lake Khatyn, Kulunda Steppe,
Russia

Bitter Lake, Kulunda Steppe,
Russia

Soda lake, Kulunda Steppe, Russia
Lake Khatyn, Kulunda Steppe,
Russia

Soap Lake, WA, USA

Searles Lake, CA, USA

Lake Magadi, Kenya; Mongolia
Lake Magadi, Kenya

Wadi Natrun, Egypt

Wadi Natrun, Egypt

Soda lake, Kulunda, Russia
Soda lake, Kulunda, Russia
Lake Magadi, Kenya

Wadi Natrun, Kulunda Steppe
Lake Verkhnee Beloe, Russia
Lake Magadi, Kenya
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Reference

Govender et al. (2013)
Dimitriu et al. (2006)
Osanjo et al. (2009)
Sorokin et al. (2000b)

Boldareva et al. (2007)
Boldareva et al. (2009a)
Zhang et al. (2002b)
Ramana et al. (2013)
Gao et al. (2010)
Reddy et al. (2015d)

Jiang et al. (2012)

Cao et al. (2010)

Carrasco et al. (2007a)
Akhwale et al. (2015b)
Reddy et al. (2015c¢)
Ruiz-Romero et al. (2013a)

Garnova et al. (2004)
Zhilina et al. (2004)
Zhilina et al. (2009b)
Zhao and Chen (2012)
Zhilina et al. (2001a)
Zhilina et al. (2001a)
Zavarzina et al. (2009)
Prowe and Antranikian (2001)
Pikuta et al. (2006)
Garnova et al. (2003)
Zhilina et al. (2005¢)

Sorokin et al. (2014c)

Sorokin et al. (2014b)
Zavarzina et al. (2006)

Brown et al. (2011)
Blum et al. (2009)
Zhilina et al. (2001b)
Zavarzina et al. (2013)
Mesbah et al. (2007b)
Mesbah and Wiegel (2009)
Sorokin et al. (2012¢)
Sorokin et al. (2012¢)
Zhilina et al. (1996b)
Sorokin et al. (2011c)
Zhilina et al. (2009a)
Zhilina et al. (1998)
(continued)
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Table 5.2

Species
Natronincola peptidovorans®
Natronobacillus azotiﬁgensh

Natronocella acetinitrilica®
Natronoflexus pectinivoransb
Natronovirga wadinatrunensis®
Nitriliruptor alkaliphilus®
Nitritalea halalkaliphilah*
Proteinivorax tanatarense®
Romboutsia sedimentorum®

Ruminiclostridium alkalicellulosi®*

Spirochaeta africana®
Spirochaeta alkalica®"
Spirochaeta americana®
Spirochaeta asiatica®
Spirochaeta dissipatitropha®
Spirochaeta sphaeroplastigenens®
Tindallia californiensis®
Tindallia magadiensisb
Tindallia texcoconensis®
Sulfur-oxidisers
Thioalkalibacter halophilus®

Thioalkalivibrio denitrificans®
Thioalkalivibrio halophilus®
Thioalkalivibrio jannaschii®
Thioalkalivibrio nitratireducens™
Thioalkalivibrio nitratis*
Thioalkalivibrio
thiocyanodenitrificans®
Thioalkalivibrio paradoxus®
Thioalkalivibrio sulfidiphilus®
Thioalkalivibrio thiocyanoxidans™

Thioalkalivibrio versutus®"

Thioalkalimicrobium aerophilum*’*
Thioalkalimicrobium cyclicum“"k
Thioalkalimicrobium sibericum®
Thioalkalimicrobium
microaerophilum®

Thioalkalispira microaerophila®
Thiohalophilus thiocyanoxidansyk
Sulfate reducers

Desulfitispora alkaliphila®
Desulfobotulus alkaliphilus®

continued: Soda lake Bacteria

Original location

Lake Verkhnee Beloe, Russia
Soda soils, Siberia, Libya, Egypt,
Mongolia

Soda lake, Kulunda, Russia
Soda lake, Kulunda, Russia
Wadi Natrun, Egypt

Soda lakes, Kulunda, Russia
Lonar Lake, India

Lake Tanatar III, Altai, Russia
Alkaline—saline lake, Daqging,
China

Lake Verkhnee Beloe, Russia

Lake Magadi, Kenya
Lake Magadi, Kenya
Mono Lake, CA, USA
Lake Khatyn, Russia
Searles Lake, CA, USA
Lonar Lake, India
Mono Lake, CA, USA
Lake Magadi, Kenya
Lake Texcoco, Mexico

Soda lakes, Kulunda Steppe,
Siberia

Lake Bogoria, Kenya

Soda lake, Altai Steppe, Russia
Mono Lake, CA, USA

Wadi Natrun, Egypt

Lake Nakuru, Kenya

Mixed samples, Russia, Egypt

Mixed samples, Kenya and Egypt
Lake Elmenteita, Kenya

Mixed samples, Siberia, Kenya,
Egypt

Lake Bogoria, Kenya; soda lakes,
Siberia

Soda lakes, Siberia and Kenya
Mono Lake, CA, USA

Soda lakes, Siberia

Soap Lake, WA, USA

Wadi Natrun, Egypt
Soda lake, Kulunda, Russia

Soda lakes, Kulunda, Russia
Soda lakes, Kulunda, Russia

W.D. Grant and B.E. Jones

Reference

Zhilina et al. (2009a)
Sorokin et al. (2008d)

Sorokin et al. (2007b)
Sorokin et al. (2011b)
Mesbah and Wiegel (2009)
Sorokin et al. (2009)
Kumar et al. (2010b)
Kevbrin et al. (2013)

Song et al. (2015)

Zhilina et al. (2005a), Yutin and
Galperin (2013)
Zhilina et al. (1996a)
Zhilina et al. (1996a)
Hoover et al. (2003)
Zhilina et al. (1996a)
Pikuta et al. (2009)
Reddy et al. (2013)
Pikuta et al. (2003a)
Kevbrin et al. (1998)
Alazard et al. (2007)

Banciu et al. (2008)

Sorokin et al. (2001b)
Banciu et al. (2004)
Sorokin et al. (2002b)
Sorokin et al. (2003)
Sorokin et al. (2001b)
Sorokin et al. (2004a)

Sorokin et al. (2002a)
Sorokin et al. (2012b)
Sorokin et al. (2002a)

Sorokin et al. (2001b)

Sorokin et al. (2001b)
Sorokin et al. (2002b)
Sorokin et al. (2001b)
Sorokin et al. (2007c)

Sorokin et al. (2002¢)
Sorokin et al. (2007¢)

Sorokin and Muyzer (2010a)
Sorokin et al. (2010a)

(continued)
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Table 5.2

Species

Desulfobulbus alkaliphilus®
Desulfohalophilus alkaliarsenatis®
Desulfonatronobacter acidivorans'
Desulfonatronospira delicata’
Desulfonatronospira thiodismutans™
Desulfonatronovibrio magnus®
Desulfonatronovibrio halophilus®
Desulfonatronovibrio
hydrogenovorans'
Desulfonatronovibrio thiodismutans®
Desulfonatronum thioautotrophicumf
Desulfonatronum buryatense®
Desulfonatronum cooperaz‘ivumf
Desulfonatronum lacustre™
Desulfonatronum thiodismutans'
Desulfonatronum z‘}"ziosulfatophilum‘r
Desulfonatronum zhilinea"

Desulfuribacillus alkaliarsenatis®
Sulphur reducers

Desulfurispira natronophila®
Desulfurivibrio alkaliphilus™
Dethiobacter alkaliphilusb
Desulfurispirillum alkaliphilumi
Sulfurospirillum alkalitolerans®
Nitrifiers

Nitrobacter alkalicus®
Nitrosomonas halophila"
Anoxygenic phototrophic Bacteria
‘Candidatus Chloroploca asiatica™

Ectothiorhodosinus mongolicus®
Ectothiorhodospira vacuolata®
Ectothiorhodospira haloalkaliphila

a

Ectothiorhodospira magna®
Ectothiorhodospira shaposhnikovii*

Ectothiorhodospira variabilis®

a

Halorhodospira abdelmalekii
Halorhodospira halochloris™

Halorhodospira halophilaa*
Heliorestis acidaminivorans®
Heliorestis baculata®
Heliorestis convoluta®
Heliorestis daurensis®

continued: Soda lake Bacteria

Original location

Soda lake, Kulunda, Russia
Searles Lake, CA, USA
Soda lake, Kulunda, Russia
Wadi Natrun, Egypt

Soda lakes, Kulunda, Russia
Soda lakes, Kulunda, Russia
Soda lake, Kulunda, Russia
Lake Magadi, Kenya

Soda lakes, Kulunda, Russia
Soda lakes, Kulunda, Russia
Alkaline lake, Buryatia, Russia
Lake Khatyn, Russia

Lake Khatyn, Russia

Mono Lake, CA, USA

Soda lake, Kulunda, Russia
Lake Alginskoe, Transbaikal,
Russia

Soda lake, Kulunda, Russia

Soda lakes, Kulunda, Russia
Wadi Natrun, Egypt

Soda lake, Mongolia

Mixed sample, bioreactor
Mixed sample, bioreactor

Soda lakes, Kenya, Russia
Soda lakes, Mongolia

Soda lakes, Transbaikal, Russia,
and Mongolia

Lake Dzun Ulziin, Mongolia
Kenyan and Egyptian soda lakes
Wadi Natrun, Egypt

Soda lake, Transbaikal, Russia
Soda lakes, Transbaikal, Russia

Wadi Natrun, Egypt; Siberia,
Mongolia
Wadi Natrun, Egypt

Wadi Natrun, Egypt

Wadi Natrun, Egypt
Wadi Natrun, Egypt
Lake Ostozhe, Russia
Wadi Natrun, Egypt
Soda lake, Siberia
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Reference

Sorokin et al. (2012d)
Blum et al. (2012)
Sorokin et al. (2012d)
Sorokin et al. (2008a)
Sorokin et al. (2008a)
Sorokin et al. (2011a)
Sorokin et al. (2012g)
Zhilina et al. (1997)

Sorokin et al. (2011a)
Sorokin et al. (2011a)
Ryzhmanova et al. (2013)
Zhilina et al. (2005b)
Pikuta et al. (1998)
Pikuta et al. (2003b)
Sorokin et al. (2011a)
Zakharyuk et al. (2015)

Sorokin et al. (2012f)

Sorokin and Muyzer (2010b)
Sorokin et al. (2008b)
Sorokin et al. (2008b)
Sorokin et al. (2007a)
Sorokin et al. (2013)

Sorokin et al. (1998)
Sorokin et al. (2001c)

Gorlenko et al. (2014)

Gorlenko et al. (2004)
Imbhoff et al. (1981)
Imhoff and Siiling (1996)

Bryantseva et al. (2010)

Cherni et al. (1969), Bryantseva
et al. (2010)

Gorlenko et al. (2009)

Imhoff and Triiper (1977), Imhoff and
Siling (1996)
Imhoff and Triiper (1977), Imhoff and
Siiling (1996)
Imhoff and Siling (1996)
Asao et al. (2012)
Bryantseva et al. (2000b)
Asao et al. (2006)
Bryantseva et al. (2000a)
(continued)
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Table 5.2 continued: Soda lake Bacteria

Species

Rhodobaca barguzinensis®
Rhodobaca bogoriensisd*
Rhodobaculum claviforme®
Rhodovulum steppensed
Rhodovulum tesquicolad
Roseibacula alcaliphilum®

Roseinatronobacter monicus®
Rubribacterium polymorphum®
Thioalkalicoccus limnaeus®
Thiocapsa imhoffii*
Thiorhodospira sibirica®
Methylotrophs
Methylohalomonas lacus®

Methylomicrobium alcaliphiluma*

Methylomicrobium buryatense™
Methylomicrobium kenyense®
Methylonatrum kenyense®
Methylophaga alcalica®
Methylophaga lonarensis™
Methylophaga natronica®

Original location

Soda lake, Barguzin, Russia
Lake Bogoria, Kenya
Transbaikal steppe lakes, Russia
Steppe soda lake, Russia

Steppe soda lake, Russia

Lake Doroninskoe, Russia

Mono Lake, CA, USA
Soda lake, Barguzin, Russia
Soda lakes, Russia

Soap Lake, WA, USA

Lake Malye Kasytui, Russia

Soda lake, Kulunda, Russia
Soda lake, Tuva, Russia

Soda lakes, Transbaikal, Russia
Soda lakes, Kenya

Lake Magadi, Kenya

Soda lake, Mongolia

Lonar Lake, India

Soda lake, Transbaikal, Russia

Chemolithotrophic hydrogenotrophs

Fuchsiella 01lkaliacetigenab
Fuchsiella ferrireducens®

Lake Tanatar III, Altai, Russia
Lake Tanatar III, Altai, Russia

W.D. Grant and B.E. Jones

Reference

Boldareva et al. (2008)
Milford et al. (2000)
Bryantseva et al. (2015)
Kompantseva et al. (2010)
Kompantseva et al. (2012)

Nuyanzina-Boldareva and Gorlenko

(2014)

Boldareva et al. (2007)
Boldareva et al. (2009b)
Bryantseva et al. (2000c)
Asao et al. (2007)
Bryantseva et al. (1999)

Sorokin et al. (2007d)
Kalyuzhnaya et al. (2008)
Kalyuzhnaya et al. (2001)
Kalyuzhnaya et al. (2008)
Sorokin et al. (2007d)
Doronina et al. (2003)
Antony et al. (2012b)
Doronina et al. (2003a)

Zhilina et al. (2012)
Zhilina et al. (2015)

Gammaproteobacteria, bp irmicutes, “Actinobacteria, dAlphaproz‘eobacteria, *Spirochaeta, fDeltaproteobacz‘eria,
. . 1 . . . . . k. .
#novel lineage, "Bacteroidetes, IChrysiogenetes, XEpsilonproteobacteria, ™Chloroflexi, "Betaproteobacteria. "Partial

or complete genome sequence available

Isolates from African lakes in bold-type face (Updated June 2015)

microbiology (Grant and Tindall 1986) follow-
ing Isachenko’s specific monograph, that
alkaliphilic aerobic organotrophic Bacteria are
abundant in the more dilute EASL. Viable counts
on media described by Grant and Tindall (1980)
reveal a remarkably constant population over a
12-month period of 10°710° mL™"', with total
counts indicating 10—10° mL™' in lakes
Elmenteita, Nakuru and Bogoria (Mwatha
1991). Systematic studies of EASL chemoorga-
notrophs did not begin until the late 1980s and
were hampered not only by accessibility of mate-
rial for study but also by the limitations of the
technology of the time. Numerous aerobic
chemoorganotrophic Bacteria were isolated at

pH 9-10, but there was a lack of a means of
comparison to existing Prokaryotes. Early studies
relied upon phenotypic characteristics and the
application of numerical taxonomy (Jones
et al. 1994, 1995, 1998a; Jones and Grant 2002).
Other than clustering similar strains, however, it
did not throw a lot of light on the identity of the
Bacteria. It was clear that all the isolates
represented novel taxa, many of which appeared
unique to soda lakes. Subsequently, many of
the isolates from a number of studies where
organisms had both been isolated by enrichment
procedures and by direct plating on agar-based
media were subject to phylogenetic analysis
by 16S rRNA gene sequencing (Duckworth
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et al. 1996), which confirmed that the alkaliphilic
phenotype is not monophyletic and that the EASL
contain a wide range of physiological groups. In
particular, many representatives of Gammapro-
teobacteria and both Firmicutes
and Actinobacteria from amongst the Gram-
positive Bacteria were isolated. Some isolates
were classified by polyphasic characterisation,
which revealed novel taxa (e.g. Alkalimonas; Ma
et al. 2004b) or new species within existing taxa
(e.g. Cellulomonas bogoriensis; Jones et al. 2005),
but these were limited to a small number by a lack
of resources or the need for a more thorough
taxonomic revision (e.g. Halomonas; Duckworth
et al. 2000). It is still surprising perhaps that even
after 20 years, some of these early chemoorga-
notrophic bacterial isolates remain unidentified
despite the numerous reports of novel Prokaryotes
from EASL and elsewhere. However, a reanalysis
of the Duckworth et al. (1996) data and other
isolates in relation to the current, now much
expanded database of 16S rRNA gene sequences
does indicate some likely affiliations (Tables 5.3
and 5.4).

Despite the growing interest in soda lakes dur-
ing the past three decades, there have been few
attempts at a systematic study of the dynamics of
bacterial populations. The difficulties of regular
access to many of these locations are the probable
cause of this hiatus. Many of the East African
lakes are now readily accessible, but the only
available systematic studies date from 1988
(Mwatha 1991). Regular observations, which
included bacterial type and numbers in relation
to physical and chemical parameters, were
performed on a monthly basis from October
1988 to September 1989 at lakes Elmenteita,
Nakuru (Table 5.5) and Bogoria (data not shown).

The different Bacteria in the monthly samples
were selected based on colony characteristics
and differentiated by SDS-PAGE. A vigorous
attempt was made to characterise the isolates by
numerical taxonomy and chemotaxonomy
methods, but the limited framework of reference
as noted previously hampered adequate interpre-
tation of the data. Since then, many, but not all,
of the Mwatha isolates have been identified
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(BE Jones, unpublished) (Tables 5.3 and 5.4),
and we are able to reconstruct some of the eco-
logical observations performed by Mwatha
(1991). Bacterial culture was generally carried
out under aerobic conditions on a relatively rich
medium, which inevitably biases recovery of
chemoorganotrophs.

Each of the lakes exhibited unique
characteristics, which is probably a reflection of
local conditions. Bacterial numbers varied by
several orders of magnitude during the study
year but showed no statistically significant corre-
lation with rainfall, which had little influence on
water conductivity or alkalinity in these highly
buffered systems. There was also no apparent
correlation between algal blooms (as measured
by chlorophyll @) and a subsequent increase in
bacterial numbers, although the Cyanobacteria
were clearly influenced by changes in salinity
and alkalinity. There was a small correlation
between water conductivity and alkalinity and
bacterial numbers, but its significance may be
masked by the dynamics of dominant species
rather than by total numbers. This is more clearly
seen using abstract mapping procedures
(UNIRAS/UNIMAP) as shown in Fig. 5.2,
where there are evidently at least two separate
chemoorganotrophic populations in Lake Nakuru
dominating at different water conductivities and
alkalinity, while at Lake Bogoria there appeared
to be at least three separate bacterial populations
at different combinations of salinity and alkalin-
ity (data not shown).

Amongst the main factors affecting microbial
population dynamics was the input of nutrients.
Phosphate concentration was a major influence
on bacterial numbers and also total nitrogen, as
can be seen at Lake Elmenteita (Fig. 5.3). Con-
ventional statistical analysis failed to highlight
the effects of phosphate and nitrogen limitations
on total bacterial numbers, probably because in
each of the lakes different bacterial [species]
populations responded to different threshold
values of total phosphate and total nitrogen.
Nitrogen limitation is less of a problem at Lake
Nakuru and Lake Bogoria, which are usually
home to large resident populations of grazing
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Table 5.3 Identities of aerobic chemoorganotrophic isolates (from Duckworth et al. 1996)

Isolate (GenBank Acc. No.)

Lake Nakuru isolate 19 N1
(X92149)

Lake Magadi isolate 21M17
(X92150)

Lake Bogoria isolate 24B1
(X92151)

Lake Nakuru isolate 28 N1
(X92144)

Crater Lake isolate 29C1
(X92148)

Lake Bogoria isolate WB5
(X92136)

Lake Elmenteita isolate 1E1T
(X92130)

Lake Elmenteita isolate 2E1
(X92131)

Lake Nakuru isolate 20 N1
(X92128)

Lake Bogoria isolate 10B1
(X92127)

Crater lake isolate 11C1
(X92129)

Lake Natron isolate 97NT4
(X92132)

Lake Elmenteita isolate 45E3
(X92133)

Lake Nakuru isolate 52 N3
(X92134)

Lake Bogoria isolate 66B4
(X92158)

Lake Nakuru isolate 18 N1
(X92159)

Lake Bogoria isolate 64B4
(X92160)

Lake Elmenteita isolate WE4
(X92161)

Lake Elmenteita isolate 3E1
(X92162)

Lake Natron isolate 103NT4
(X92163)

Lake Elmenteita isolate WE1
(X92164)

Little Lake Magadi isolate
95LM4 (X92165)

Lake Natron isolate 105NT4
(X92166)

Lake Bogoria isolate 9B1
(X92167)

Lake Nakuru isolate 17 N1
(X92168)

Lake Nakuru isolate WN16
(X92169)

Lake Bogoria isolate 69B4T
(X92152)

Identification
Halomonas

magadiensis
(99-100 %)

Halomonas
nitritophilus (99 %)
Halomonas
campisalis (96 %)
Halomonas
campisalis (99 %)
Alkalimonas

delamerensis
(100 %)

Aliidiomarina
sanyensis (97 %)
Idiomarina

sp. (98 %)

Unknown

Pseudomonas
salegens (98 %)

Bacillus
pseudofirmus
(97-99 %)

Bacillus saliphilus
(98 %)

Bacillus locisalis
(98 %)

Salsuginibacillus
halophilus (97 %)

Bacillus aurantiacus
(98 %)
Bacillus sp. nov.

Alkalibacterium

sp. (97 %)
Cellulomonas
bogoriensis (100 %)

Reference

Duckworth
et al. (2000)

Gilvanova
et al. unpublished
Joshi et al. (2007)

Mormile
et al. (1999)
Ma et al. (2004b)

Wang
et al. (2013)

Amoozegar
et al. (2014)

BE Jones
(unpublished)

Romano
et al. (2005a)

Marquez
et al. (2011)

Cao et al. (2010)

Borsodi

et al. (2008b)
BE Jones
(unpublished)
Ntougias and
Russell (2001)
Jones

et al. (2005)

Comments

Valid name

Possible identity to GenBank
AJ309564

Closest identity to Lonar Lake strain
MCM B-365

Denitrifying halomonad

Valid name

GenBank JX981923

GenBank KM013952

GenBank KF830707

GenBank NR_026139

Confirmed identity (BE Jones,
unpublished)

Valid name

Probable identity (GenBank
NR_114275)

BE Jones (unpublished) GenBank
AJ605772

BE Jones (unpublished) GenBank
AF143512

Valid name

(continued)



5 Bacteria, Archaea and Viruses of Soda Lakes

Table 5.3 (continued)
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Isolate (GenBank Acc. No.) Identification Reference Comments

Lake Bogoria isolate WB3 Nesterenkonia BE Jones Probable identity to GenBank

(X92153) pannonica (99 %) (unpublished) FM179648, Borsodi et al. (2008a),
unpublished

Lake Elmenteita isolate WE2  Nesterenkonia BE Jones Probable close identity to GenBank

(X92154) sp. (99 %) (unpublished) EU432579

Crater Lake isolate 13C1

(X92155)

Little Lake Naivasha isolate Dietzia Duckworth Valid name

14LN1 (X92156) natronolimnaea et al. (1998)

Little Lake Naivasha isolate (100 %)

15LN1T (X92157)

Little Lake Magadi isolate New genus D. Sorokin (pers.  Sulphur reducer

93dLM4 (X92170)

comm.)

Lake Magadi isolate 82 M4 Natronolimnobius BE Jones Probable sp. identity, GenBank
(X92171) innermongolicus (unpublished) AB125108, Itoh et al. (2005)
(98 %)
Lake Magadi isolate 89 M4 Natronococcus Tindall Probable identity to type strain SP4,
(X92172) occultus (98 %) et al. (1984) GenBank NR_104253
Little Lake Magadi isolate
931LM4 (X92173)
Lake Magadi isolate 86 M4
(X92175)
Lake Natron isolate 98NT4 Natrialba sp. (97 %) Kamekura Probable genus identity, GenBank
(X92174) et al. (1997) NR_113522

Table 5.4 Unpublished soda lake isolates and their identity (BE Jones, unpublished results)

Isolate  Origin Identity Comments and GenBank Acc. Nos.

23 M1 Lake Magadi, Kenya Nesterenkonia EU432579
(W.D. Grant, 1987 as sp. (99 %)
strain M11)

60E4 Lake Elmenteita, Kenya Bacillus sp. (99 %) Closely related to B. saliphilus (NR_025554) and
(BE Jones, 1988 as strain various soda lake isolates (e.g. AY347312, JX945788)
K6.8b)

72C4 Crater lake, Kenya Nesterenkonia Closely related to isolates from Lonar Lake, India
(BE Jones, 1988 as strain sp. (99 %) (KJ417902); Xinjiang, China (EU432579); Mono
K27.7) Lake, California (AF140001)

80LN4 Little Lake Naivasha
(BE Jones, 1988 as strain
K33.2)

WNI10 Lake Nakuru, Kenya Alkalibacterium Ishikawa et al. (2009) (NR_11424)
(W.E. Mwatha, 1988 as pelagium (99 %)
strain N1)

WN12 Lake Nakuru, Kenya Amphibacillus Wau et al. (2010) (NR_116553)

(W.E. Mwatha, 1988 as

Jjilinensis (99 %)

strain N12)

flamingos whose contribution to carbon and
nitrogen recycling is likely to be hugely signifi-
cant. However, the abstract mapping approach
clearly indicated a competition for resources,

especially phosphate, between Cyanobacteria
and chemoorganotrophs, since maximum bacte-
rial numbers were seen at high phosphate levels
when chlorophyll was low.
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Fig. 5.2 Lake Nakuru: bacterial numbers in relation to alkalinity and conductivity. Conductivity [(mS em™Y) x 1077,
alkalinity [(meq LY x 10_1) and bacterial numbers [(CFU x 10 mL™}
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Fig. 5.3 Lake Elmenteita: bacterial numbers in relation to phosphate and nitrogen concentrations. Nitrogen $6#
[(pg mLfl) x 1077, phosphate [(pg mL™!) x 107?] and bacterial numbers [(CFU x 10 mL™Y

Halomonas spp. (Tables 5.3 and 5.4) are
ubiquitous and account for at least 30 % of the
aerobic chemoorganotrophs in the cultivated
population. Under favourable circumstances

Halomonas spp. provide up to 70 % of the strains
isolated but not necessarily the same species at
any one time. In the summer months at Lake
Nakuru, Halomonas spp. were at their lowest
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level and other Bacteria such as Amphibacillus
jilinensis (WN12, Table 5.4) at 20 % achieve
significant numbers. Alkalibacterium pelagium
(WNI10, Table 5.3) are present at Nakuru in low
numbers throughout the year, but it is another
Alkalibacterium species (WN16, Table 5.3) that
came to prominence in February 1989 when
water conductivity and alkalinity were high
(Table 5.5).

In Lake Elmenteita, Bacillus locisalis and
Bacillus saliphilus (Table 5.3), each at <10 %,
were amongst the minor components of the pop-
ulation, which was dominated by a Halomonas
sp (isolate WES, Duckworth et al. 2000)
(15-60 %) and an unknown isolate (30-70 %)
in a reciprocal relationship.

The most abundant strains at Lake Bogoria
are Halomonas spp.; H. magadiensis and
H. campisalis were present in low numbers
throughout the year, occasionally providing
30 % of the strains isolated. The most abundant
(1080 %) strain of Halomonas
Duckworth et al. 2000) became particularly
prominent when phosphate levels were high in

combination with high conductivity and alkalin-
ity. Nesterenkonia sp. was a minor, incidental
component of the population, also at Lake
Elmenteita. Combined bacterial data for lakes
Nakuru, Elmenteita and Bogoria (north and
south) indicate several distinct Dbacterial
populations whose dynamics were influenced
by an intricate combination of chemical and
physical factors, the most important of which
were phosphate and nitrogen levels (Fig. 5.4),
water conductivity (salinity) and alkalinity, and
limited through competition by phototrophs.
While these [reconstructed] data offer a useful
historical perspective on the population dynam-
ics of the Kenyan soda lakes, they suffer several
shortcomings. For example, they provide data
only on aerobic chemoorganotrophs that were
readily isolated on a particular rich medium.
The data do not include the contributions by
anaerobic Bacteria or the considerable numbers
of Bacteria peculiar to the sulfur cycle. This

(WB2, study would benefit from being repeated using
modern tools of  pyrosequencing and
metagenomics.
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Fig. 5.4 Bacterial numbers (combined data all lakes) showing different populations in relation to phosphate and
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[(CFU x 10%) mL™']



5 Bacteria, Archaea and Viruses of Soda Lakes

It is clear from the range of media used by
Duckworth et al. (1996) that isolates from soda
lakes were likely to have commercial potential in
that they secrete many extracellular hydrolytic
enzymes, including proteinases, cellulases and
lipases capable of functioning at high pH and
possibly high temperature and salt concentration.
As such they are of interest to the detergent indus-
try in particular (Horikoshi 2006). In the past, two
different cellulases derived from Gram-positive
African soda lake isolates were marketed for
use in laundry and textile processes, and there
have been attempts to directly access enzyme
genes from DNA extracted from African soda
lake samples (reviewed by Grant and Heaphy
2010). Cellulases stable at high pH and salt
can also be used to release sugars from recalcitrant
lignocellulose in agricultural waste for the produc-
tion of bioethanol (Zhang et al. 2011; Zhu 2008).
In addition, cyclodextrin glucanotransferase
(CGTase) is another industrially important
enzyme, used in the commercial production of
cyclodextrins. Al-Sharawi et al. (2013) and
Ibrahim et al. (2012) report the isolation of a new
and potent CGTase from alkaliphilic Bacteria
including Amphibacillus spp. collected from
Egyptian soda lakes. The possibility of using
Wadi Natrun soda lake isolates for the bioremedi-
ation of aromatics and chloroaromatics was
explored by Hassan et al. (2012), and chromium
bioremediation has also been recorded by an
Amphibacillus sp. from the same site (Ibrahim
et al. 2011). Besides the discovery of novel
hydrolases, nitrile hydratases are important indus-
trial enzymes that catalyse the hydration of a broad
scope of nitrile compounds into commercially
more valuable amides (e.g. acrylamide), and a
nitrile hydratase activity was isolated in the soda
lake actinobacterium Nitriliruptor alkaliphilus
(Sorokin et al. 2009; 2007b). General reviews on
the industrial use of enzymes from alkaliphiles,
including soda lake Bacteria, are presented by Ito
(2011) and Horikoshi (2011).

The only other comparable culture-based study
of EASL is that of Mwirichia et al. (2010a), where
a culture analysis of Lake Elmenteita (Kenya) was
carried out. Here, the authors used lake brine as the
basis of various enrichment media. This study had
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the benefit of a relatively recent 16S rRNA gene
database for comparisons to be made and showed
that the majority of the isolates were affiliated to
the class Gammaproteobacteria and to the
Firmicutes division genus Bacillus. Isolates from
the genus Halomonas (class Gammaproteo-
bacteria) and Bacillus constituted 37 and 31 % of
the total sequenced isolates, respectively. Other
groups recovered were related to Marinospirillum,
Idiomarina, Vibrio, Enterococcus, Alkalimonas,
Alkalibacterium, Amphibacillus, Marinilacti-
bacillus and the Actinobacteria Gram-positive
division genera Nocardiopsis and Streptomyces.
These isolates did not have close affiliation to the
organisms studied by Duckworth et al. (1996), pre-
sumably a reflection of the different media used in
the study.

A much more limited study was carried out by
Vargas et al. (2004), who looked at lipase-
producing isolates from Lake Bogoria (Kenya).
Ten of the isolates were Gram-negative, nine of
which were closely related to the Pseudomonas
group and one to the Halomonas group sharing
high similarity profile with Halomonas
desiderata. The remaining Gram-positive
isolates were closely related to the Bacillus clus-
ter and were grouped with B. halodurans,
B. alcalophilus and B. licheniformis.

In a similar restricted study, Martins
et al. (2001) isolated alkaliphilic starch utilisers
from Ethiopian soda lakes. All isolates except
one were motile endospore-forming rods and
were found to be closely related to the Bacillus
cluster, being grouped with B. pseudofirmus,
B. cohnii, B. vedderi and B. agaradhaerens.
The one exception had nonmotile coccoid cells
and was closely related to Nesterenkonia
halobia.

Tourova et al. (1999) carried out a phyloge-
netic analysis on 13 strains of alkaliphilic obli-
gately or facultatively anaerobic Bacteria
isolated from two soda lakes with pH 10 — the
highly mineralised Lake Magadi (Kenya) and the
slightly mineralised Lake Nizhnee Beloe (south-
eastern Transbaikal region). 16S rRNA gene
sequence analysis showed that all the strains
belonged to the phylogenetic branch of
Firmicutes. Other anaerobes affiliated with
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Clostridium spp. and the Firmicutes order
Halanaerobiales. The strains investigated were
sufficiently phylogenetically distinct to represent
new taxa.

5.2.2 Aerobic Chemoorganotrophs
(The Rest of the World’s Soda
Lakes)

There have been a number of culture-based stud-
ies of other soda lakes around the world, usually
with a view to isolating examples of particular
genera using specific enrichment procedures
for particular physiological attributes. The
organisms are, in general, biochemically active,
hydrolysing a wide range of polymers, including
cellulose, chitin, starch, saccharides, sugars,
polypeptides and amino acids under aerobic
conditions, sometimes linked to the reduction of
nitrate (Boltyanskaya et al. 2007) and even chro-
mate (Shapovalova et al. 2009). There are, how-
ever, a few instances of a more general approach
similar to that taken by Duckworth et al. (1996)
on the EARS lakes. Most studies have
concentrated on chemoorganotrophs using rela-
tively rich media under aerobic conditions.

The cultivable bacterial diversity of Lonar
Lake in India was studied by Joshi et al. (2008)
and shown to be comparable to the EASL. Phy-
logenetic analysis of 196 strains indicated that
most of the Lonar Lake isolates were related
to the phylum Firmicutes, with different
genera: Bacillus, Paenibacillus, Alkalibacillus,
Exiguobacterium, Planococcus, Enterococcus
and Vagococcus. Seven strains were Gram-
negative, with different genera: Halomonas,
Stenotrophomonas and Providencia affiliated
to  Gammaproteobacteria, Alcaligenes to
Betaproteobacteria  and  Paracoccus  to
Alphaproteobacteria. Only five isolates were
Actinobacteria with various genera: Cellulosi-
microbium, Dietzia, Arthrobacter and Micrococ-
cus. Methylotrophic Bacteria growing on
methanol and methylamine were also recorded
in Lonar Lake as well as in the lakes of the
Kulunda Steppe (Antony et al. 2012b; Sorokin
et al. 2000a).

W.D. Grant and B.E. Jones

Sahay et al. (2012) were interested in the
agricultural and industrial potential of Bacteria
from Sambhar Lake in India. A majority of
93 isolates (53 %) showed similarity with the
phylum Firmicutes, which was followed by
Proteobacteria (40 %) and Actinobacteria
(6 %). The isolates were further evaluated for
the production of extracellular enzymes such as
amylase, cellulase, protease and xylanase and
plant growth-promoting attributes such as phos-
phorus solubilisation. Rusznyak et al. (2007)
studied biofilm communities on reed stems in
Hungarian soda lakes, where they isolated
260 strains and 16S rRNA gene sequence
analyses identified members of the genera
Agrobacterium, Paracoccus, Halomonas, Pseu-
domonas, Bacillus, Planococcus and
Nesterenkonia. Sorokin et al. (2008c) looked at
nitrogen fixation rates in hypersaline soda
solonchak soils collected in several locations of
Central Asia and in Egypt. Cultures were
dominated by Gram-positive spore-forming Bac-
teria. Most of the isolates (eight) were affiliated
with the aerotolerant fermentative haloalka-
liphilic bacterium Amphibacillus tropicus and a
single strain clustered with the obligately anaer-
obic haloalkaliphile Bacillus arseniciselenatis.
Diazotrophy had never been recognised previ-
ously in these groups of Gram-positive Bacteria.
Sorokin et al. (2012a) recorded chitin utilisation
dominated by several obligately haloalkaliphilic
members of the genus Marinimicrobium in
Kulunda Steppe lakes. Additionally, a new line-
age of fermentative haloalkaliphilic Bacteria
specialised to exclusively utilise chitin as growth
substrate was isolated and has recently been
described as Chitinivibrio alkaliphilus (Sorokin
et al. 2014b).

Aerobic methanotrophic Bacteria that resem-
ble Methylomicrobium spp. were first recorded in
East African lakes (Sorokin et al. 2000a) but
have also been isolated from saline and alkaline
lakes of southeast Siberia, Mongolia and North
America (Khmelenina et al. 2000; Kalyuzhnaya
et al. 2008), and methane oxidation has also been
recorded in Mono Lake (Carini et al. 2005).

The capacity for aerobic carboxydotrophy in
soda lakes was also studied by Sorokin
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et al. (2010b), mostly in the Kulunda Steppe
lakes, but one culture was obtained from the
Wadi Natrun. Using CO as the only substrate
enabled the isolation of strains related to
Alkalispirillum/Alkalilimnicola.

5.2.3 Anaerobic Chemoorganotrophs

Many chemoorganotrophic anaerobes have been
cultured from African soda lakes and soda lakes
elsewhere around the world. Viable counts
(at 37 °C) on the black, anoxic soda lake sediment
slurries (Elmenteita, Bogoria) indicate they
contain more than 10° cfu mL™' chemoorga-
notrophic  alkaliphilic ~ anaerobes  (Jones
et al. 1998a, b). In the soda lake environment,
obligate anaerobes are probably ‘secondary
organotrophs’ utilising the products of primary
hydrolysis provided by aerobes and facultative
anaerobes. Fermentative anaerobes are composed
of two subgroups: those that degrade polymers
and the secondary heterotrophs that utilise the
resulting monomers. Soda lake fermentative
anaerobes are dominated by haloalkaliphilic
Firmicutes, such as members of the genera
Anoxynatronum, Anaerovirgula, Alkaliphilus,
Natranaerobius and Natranaerobaculum and cer-
tain species of Anaerobranca, Spirochaeta and
Anaerobacillus (Bowers et al. 2009; Grant and
Sorokin 2011; Mesbah and Wiegel 2012;
Zavarzin et al. 1999; Zavarzin and Zhilina
2000). The black lake sediments clearly imply
the presence of sulfate-reducing Bacteria (SRB),
and there are now a significant number of these in
culture (Table 5.2), considered elsewhere in this
chapter. Like the aerobic chemoorganotrophs, the
anaerobic chemoorganotrophs have mostly been
isolated by enrichment procedures on specific
substrates. Again, like the aerobic types, the
anaerobic isolates are in general biochemically
reactive, fermenting a range of polymers such as
chitin (Sorokin et al. 2012a), cellulose (Zhilina
et al. 2005a) and pectin (Sorokin et al. 2012d)
with many examples fermenting sugars and
amino acids to end products such as acetate, for-
mate, lactate and H,. Nitrate reduction, nitrogen
fixation, iron reduction and arsenic reduction are
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also recorded (Baesman et al. 2009; Oremland
et al. 2004; Zavarzina et al. 2006; Zhilina
et al. 2009a, b). There are also isolates recorded
as enriched on odd substrates like isobutyronitrile
and acetonitrile (Sorokin et al. 2007b, 2009).

Dimitriu et al. (2008) looked at spatial and
temporal patterns in the anaerobic microbial
diversity of Soap Lake in Washington State
(USA). Late-summer samples harboured the
highest prokaryotic diversity. Most-probable-
number assays targeting anaerobic microbial
guilds were performed to compare summer and
fall samples. In both seasons, the anoxic samples
appeared to be dominated by lactate-oxidising
sulfate-reducing Prokaryotes. High numbers of
lactate- and acetate-oxidising iron-reducing Bac-
teria, as well as fermentative microorganisms,
were also found. Apart from this study, there
seems to be no large general culture-based stud-
ies of anaerobic chemotroph composition and
distribution in soda lakes, although Jones
et al. (1998b) record a number of different
anaerobes from East African soda lakes, includ-
ing Lake Magadi that affiliated with different
Clostridium subgroups.

5.2.4 Chemolithotrophs

In addition to the vigorous cycling of carbon,
there are also active sulphur and nitrogen cycles
in soda lakes, where chemolithotrophs play key
roles in the interconversions of different valence
states of these elements. The study of these
cycles has been mainly carried out not in African
soda lakes, but in Russian soda lakes, mainly
of the Kulunda Steppe region (reviewed by
Grant and Sorokin 2011), although the first
isolations of aerobic chemolithotrophic sulphur-
oxidising Bacteria (Sorokin et al. 2001b) and
sulfate-reducing Bacteria (Zhilina et al. 1997)
included isolations from African soda lakes.
The first chemolithotrophic nitrifying Bacteria
(Sorokin et al. 1998) were also simultaneously
co-isolated from African and Russian soda
lakes. The role of Ectothiorhodospira and
Halorhodospira spp. in the carbon cycle and
their early isolations from African soda lakes
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(Imhoff et al. 1978, 1979, 1981) has already been
noted. These Bacteria also use reduced sulphur
species as electron donors for photosynthesis,
generating elemental sulphur and finally sulfate.

There are now a considerable number of soda
lake chemolithotrophic sulfur oxidisers that have
been described, mostly derived from Russian
lakes. These oxidise a variety of reduced sulphur
compounds including thiocyanate (Sorokin
et al. 2002a; Sorokin and Kuenen 2005a, b).
Some chemolithotrophic strains are denitrifying
(Sorokin et al. 2003).

There has been some industrial interest in
using sulfur oxidisers in the sustainable removal
of sulphide from bio- and industrial waste gases,
and the genome of Thioalkalivibrio sulfidophilus
has been sequenced because of its relevance in
this regard (Muyzer et al. 2011). The whole cells
of these haloalkaliphiles have been used for the
sustainable removal of toxic sulphur compounds
from wastewater (de Graaff et al. 2011), gas
streams (Sorokin et al. 2008e; van den Bosch
et al. 2007) and paper mill effluent (Janssen
et al. 2009).

The sulfur cycle is completed by sulfate-
reducing Bacteria and around 18 different
sulfate-reducers are recorded (Table 5.2), again
mostly from Russian lakes although very similar
organisms are found in the African lakes. An
early study on sulfur reduction in the Wadi
Natrun lakes was that of Abd-el-Malek and Ritz
(1963). Some of the soda lakes in the USA and
the Kulunda Steppe (Sorokin et al. 2012¢) har-
bour sulfate reducers that will also reduce arse-
nate (Blum et al. 2012). Mono Lake in the USA
has a complete arsenic cycle in that there are
arsenite-oxidising facultative chemolithotrophs
that grow aerobically or at the expense of nitrate
reduction (Hoeft et al. 2007; Oremland
et al. 2009, 2004, 2005). There are even
magnetotactic Bacteria recorded in lakes in the
USA, including Mono Lake, that are related to
sulfate-reducing Desulfonatronum spp. (Lefévre
et al. 2011). In common with other aquatic
environments, soda lakes harbour sulphur-
reducing Bacteria, some of which are capable
of the disproportionation of sulphur (Poser
et al. 2013; Sorokin et al. 2008a, 2012¢). The
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majority of Sulfidogenic Bacteria are probably
not hydrogenotrophic (Grant and Sorokin
2011), although hydrogenotrophic sulfate
reducers are described in Kenyan soda lakes
by Zavarzin et al. (1999). Non-sulphur
hydrogenotrophs are present in some lakes,
including Kenyan lakes, such as Alkalilimnicola
spp. (Hoeft et al. 2007; Sorokin et al. 2014a) and
the more recently described Fuchsiella
alkaliacetigena (Zhilina et al. 2012).

Both groups of nitrifying Bacteria have been
described in soda lakes. Ammonification of
nitrogenous substrates is widely carried out by
the chemotrophic anaerobes in the lakes
(Kevbrin et al. 1998; Zhilina et al. 2009a).
Ammonia-oxidising organisms with a phyloge-
netic relationship to Nitrosomonas spp. are
described by  Sorokin  (1998;  Sorokin
et al. 2001a) in African, Russian and Mongolian
lakes, and the nitrite-oxidising Nitrobacter
alkalicus is also present at several sites (Grant
and Sorokin 2011). Sorokin et al. (2014a) point
out that the high pH of the lakes is likely to cause
volatilisation of NHj; from the system so the
N-cycle in soda lakes may be somewhat different
from other lake systems. The capacity for nitrate
reduction is widely distributed amongst the
chemoorganotrophs with organisms such as
Halomonas spp. (Duckworth et al. 2000; Jones
and Grant 2000; Shapovalova et al. 2009), and
there are additionally chemolithotrophs such
as Thioalkalivibrio nitratireducens (Sorokin
et al. 2003) that carry out this process. The nitro-
gen cycle is completed by nitrogen fixation capa-
bility, again widely distributed amongst the
chemoorganotrophs, particularly the anaerobes
(Sorokin et al. 2008d; Zavarzina et al. 20006,
2009). However, it is commonly assumed
that Cyanobacteria are responsible for much of
the nitrogen fixation in African soda lakes (Grant
and Jones 2000; Jones and Grant 2000; Grant
2003) although the best-known bloom-forming
species Arthrospira platensis is not recorded
as having this attribute. It is also assumed
that many of the anoxygenic phototrophic
Bacteria participate in this part of the nitrogen
cycle, backed up by the demonstration of the
nifH gene in several soda lake anoxygenic
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phototroph representatives (Tourova et al. 2007,
2014).

5.3 Soda Lake Archaea

A quite different population of Prokaryotes is
present in the concentrated brines of the very
saline soda lakes and soda deserts throughout
the world. Brines and soda flats are often charac-
teristically red due to extensive blooms of
microorganisms (10°~10” mL™"). The organisms
most commonly cultured are both profoundly
halophilic and alkaliphilic and are members of
the haloarchaeal lineage. Although mass
developments presumed to be Haloarchaea were
documented in Wadi Natrun lakes (Imhoff
et al. 1979), the first recorded isolation of such
organisms was from Lake Magadi in Kenya
(Tindall et al. 1980), where the authors devised
an appropriate alkaline high salt medium. This
was essentially devoid of divalent cations in
order to mimic the chemistry of the lake brines
and alkaline salterns where alkaline brines are
essentially devoid of Mg since the anion is
removed by precipitation of insoluble MgSO,
as the alkaline brine develops. Later, Soliman
and Triper (1982) isolated another strain from
one of the Wadi Natrun lakes in Egypt and
described Halobacterium (now Natronomonas)
pharaonis. Tindall et al. (1984) extended the
Lake Magadi study, proposing two new genera,
Natronobacterium and Natronococcus, describ-
ing several new species, assigning the Soliman
and Triper isolate to Natronobacterium at that
time. Alkaliphilic Haloarchaea continued to be
classified in these two genera until the reclassifi-
cation of these and other isolates by Kamekura
et al. (1997) on the basis of 16S rRNA gene
sequences. There are now more than 20 validly
named alkaliphilic Haloarchaea in nine different
genera (Table 5.6), rare examples of which, like
the genus Halorubrum, harbour non-alkaliphilic
members. Table 5.6 reveals that in recent years
most of the isolates derive from other parts of the
world, notably Inner Mongolia, Tibet and China.
Some of the unnamed isolates described in
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Duckworth et al. (1996) can now be assigned to
particular genera (Table 5.3).

Hypersaline environments are relatively low in
oxygen due to reduced oxygen solubility (2 ppm in
saturated NaCl, compared with 7 ppm in seawater)
and have already been noted to have anaerobic
anoxygenic Bacteria such as Halorhodospira
spp.  coexisting with these alkaliphilic
Haloarchaea. There seems to be no alkaliphilic
equivalent of the ubiquitous Salinibacter that
coexists with Haloarchaea in neutral salt
environments (Oren 2011). Haloarchaeal blooms
in neutral solar salterns are known to promote
crystallisation of halite and almost certainly also
do so in alkaline salterns (Table 5.6).

Alkaliphilic =~ Haloarchaea are  aerobic
heterotrophs (Grant and Jones 2000; Grant
2003), occasionally using other electron

acceptors such as nitrate (Itoh et al. 2005; Xin
et al. 2001). They presumably develop to high
densities in hypersaline sites by deriving carbon
and cell protein from phototrophic primary pro-
ductivity by other haloalkaliphilic organisms like
the anoxygenic phototrophic Bacteria and proba-
bly less salt-tolerant Cyanobacteria that form
blooms during seasonal dilution in rainy seasons.
The extremely alkaline conditions would appear
to favour the use of sodium ions rather than
protons as the coupling ion in energy generation,
but analysis of the genome sequence of the
alkaliphilic haloarchaeon Natronomonas
pharaonis clearly identifies protons as the cou-
pling ion between respiratory chain and ATP
synthesis (Falb et al. 2005). Alkaliphilic
Haloarchaea also seem not to have the capacity
for photoheterotrophy since they, unusually
amongst Haloarchaea, lack the light-mediated
bacteriorhodopsin proton pump which is coupled
with energy generation in other Haloarchaea,
although they do possess other photoactive reti-
nal pigments (Bivin and Stoeckenius 1986). It is
worth noting that Grant and Ross (1986)
suggested the possibility of anaerobic growth
linked to Sulfidogenesis, and a recent (Sorokin
et al. 2012c) review of Sulfidogenesis in the lakes
of the Kulunda Steppe also points towards this
possibility.
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Table 5.6 Isolates of soda lake Archaea

Species

Halophiles

Halalkalicoccus tibetensis
Halobiforma nitratireducens
Halobiforma sp. BNMIPTR
Halorubrum alkaliphilum
Halorubrum luteum
Halorubrum tibetense
Halorubrum vacuolatum

Haloglobiforma haloterrestri
Halostagnicola bangensis
Natronobacterium gregoryi*
Natronobacterium
texcoconense

Natronococcus occultus”
Natronococcus amylolyticus
Natronococcus roseus
Natronomonas pharaonis*
Natrialba magadii*
Natrialba hulunbeirensis

Natrialba chahannaoensis
Natronolimnobius baerhuensis
Natronolimnobius
innermongolicus
Natronorubrum bangense
Natronorubrum tibetense
Natronorubrum sulfidifaciens
Natronorubrum texcoconense
Methanogens
Methanobacterium
alcaliphilum
Methanocalculus sp. LA2
Methanocalculus
natronophilus
Methanoculleus sp. LH2
Methanohalophilus
oregonensis

Methanolobus sp.
Methanosaeta sp.

Methanosalsum zhilinaeae”

Methanosalsum natrophilum

Original location

Lake Zabuye, Tibet

Unnamed lake, China

Sambhar Lake, India

Xinjiang Province, China

Lake Chagannor, Inner Mongolia
Lake Zabuye, Tibet

Lake Magadi, Kenya

Lake Chahannor, Inner Mongolia
Lake Bange, Tibet

Lake Magadi, Kenya

Lake Texcoco, Mexico

Lake Magadi, Kenya

Lake Magadi, Kenya

Lake Chagannor, Inner Mongolia
Lake Magadi, Kenya

Lake Magadi, Kenya

Soda lake, Hulunbeir, Inner
Mongolia

Lake Chahannor, Inner Mongolia
Lake Baer, Inner Mongolia

Lake Baer, Inner Mongolia

Bange Lake, Tibet
Bange Lake, Tibet
Aiding Lake, China
Lake Texcoco, Mexico

Wadi Natrun, Egypt

Lonar Lake, India
Lake Tanatar II, Russia.

Lonar Lake, India
Alkali Lake, USA

Soda lakes, Kulunda Steppe, Russia
Lake Tanatar VI, Kulunda Steppe,
Russia

Lake Magadi, Kenya; Wadi Natrun,
Egypt

Soda lakes, Kulunda Steppe, Russia

Isolates from African lakes in bold type (updated June 2015)
*Partial or complete genome sequence available

There is evidence of methanogenesis in soda
lakes worldwide, including African lakes, although
relatively few methanogens have been isolated and
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Reference

Xue et al. (2005)

Xin et al. (2001), Hezayen et al. (2002)
Gupta et al. (2015)

Feng et al. (2005)

Hu et al. (2008)

Fan et al. (2004)

Mwatha and Grant (1993), Kamekura
et al. (1997)

Hezayen et al. (2002)

Corral et al. (2015)

Tindall et al. (1984)

Ruiz-Romero et al. (2013c¢)

Tindall et al. (1984)

Kanai et al. (1995)

Corral et al. (2013)

Tindall et al. (1984), Kamekura et al. (1997)
Tindall et al. (1984), Kamekura et al. (1997)
Xu et al. (2001)

Xu et al. (2001)
Itoh et al. (2005)
Itoh et al. (2005)

Xu et al. (1999)
Xu et al. (1999)
Cui et al. (2007)
Ruiz-Romero et al. (2013b)

Worakit et al. (1986)

Surakasi et al. (2007)
Zhilina et al. (2013)

Surakasi et al. (2007)
Boone (2001), Liu et al. (1990)

Sorokin et al. (2015a, b)
Sorokin et al. (2015c¢)

Mathrani et al. (1988), Boone and Baker
(2001)

Sorokin et al. (2015a, b)

validly published (Table 5.6). Hydrolysis products
of complex polymers to acetic acid, hydrogen
and CO, by anaerobic decomposition (Grant
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et al. 1998; Grant and Sorokin 2011; Zavarzin
et al. 1999) provide potential substrates for
methanogens, although many of the methanogens
isolated to date from hypersaline environments
are methylotrophic, utilising compounds such
as methanol and methylamine (Oren 2011).
Obligately methylotrophic methanogens seem to
have a distinct ecological advantage over other
groups of methanogens as their absolute require-
ment for one-carbon (Cl) compounds such as
methanol and methylated amines avoids competi-
tion with sulfate-reducing Bacteria (Oremland
et al. 1982). There are, however, examples of
hydrogenotrophic ~ methanogens  such  as
Methanocalculus natronophilus (Zhilina
et al. 2013) and Methanobacterium alcaliphilum
(Worakit et al. 1986). Culture-based studies
have isolated organisms affiliating with
Methanosarcina, Methanocalculus and
Methanoculleus spp. from Lonar Lake in India
(Surakasi et al. 2007; Thakker and Ranade 2002).
Other methylotrophic methanogens belonging to
the genus Methanohalophilus (Kevbrin et al. 1997,
Liu et al. 1990; Mathrani et al. 1988) isolated
from several soda lake environments including
Lake Magadi have now been reclassified as
Methanolobus oregonensis and Methanosalsum
zhilinae (Boone 2001; Boone and Baker 2001).

5.4  Direct Molecular Analysis
of Soda Lake Microbiota
5.4.1 African Soda Lakes

There are relatively few reports of culture-
independent analyses of African soda lakes,
although arguably, the first account of such an
analysis applied to a soda lake anywhere relates
to Lake Magadi in Kenya (Grant et al. 1999). In
this analysis, the lake brine was indirectly stud-
ied by examination of an adjacent alkaline
saltern pan used to harvest salt from the source
lake brine. This study examined the archaeal
population by retrieval of 16S rRNA genes
from DNA preparations that were obtained
from cells filtered from saltern brine on site,
stabilised in ice-cold buffer and extracted within
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4 h. Sequences around 95 % related to known
isolates from the site such as the haloalkaliphiles
Natronobacterium gregoryi and Halorubrum
vacuolatum were detected, but the study is
noticeable for the retrieval of two sequences
that were only 88-90 % related to any then
known Haloarchaea. It was more than a decade
later, following the development of direct
metagenomic sequencing applied to hypersaline
environments (Andrei et al. 2012; Ghai
et al. 2011; Narasingarao et al. 2011), that a
new class of as yet uncultivated Archaea, the
Nanohaloarchaea, was described and to which
these Lake Magadi sequences were shown to
affiliate as the first recorded examples of this
group.

Rees et al. (2004) extracted DNA from water
and sediment samples taken from five soda lakes
of the Kenyan-Tanzanian Rift Valley, the hyper-
saline Lake Magadi, and four more dilute lakes,
namely, Crater Lake (Lake Sonachi), Lake
Elmenteita, Lake Nakuru and Lake Bogoria.
16S rRNA genes were amplified by the polymer-
ase chain reaction (PCR) and microbial diversity
also studied using denaturing gradient gel elec-
trophoresis (DGGE) of 16S rRNA gene
amplicons. Several of the amplicon sequences
had high identities, up to 99 %, with 16S rRNA
genes of organisms previously isolated from soda
lakes. Others were only distantly related, with
identities as low as 82 %. Phylogenetic analysis
of the more closely related amplicons indicated
that sequences were related to haloarchaeal,
Bacillus/Clostridium, Rhodobacter, Thioalka-
livibrio/Methylobacter, Bacteroidetes groups
and the enterobacteria/Aeromonas/Vibrio part of
the Gamma-3 subdivision of the Proteobacteria.

Mpwirichia et al. (2010b) studied haloarchaeal
diversity in Lake Elmenteita and despite the rela-
tively low salinity of this site recovered a consid-
erable number of haloarchaeal sequences.
Comparative sequence analysis of the archaeal
clones affiliated them to a wide range of genera
including Natronococcus, Halovivax,
Halobiforma, Halorubrum and Halalkalicoccus.
The highest percentage (46 %) of the clones,
however, belonged to uncultured members of
the domain Archaea in the order Halobacteriales.
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Mwrichia et al. (2011) also followed up their
previous culture-based study of Lake Elmenteita
Bacteria using culture-independent methods,
detecting up to 37 orders in the domain Bacteria.
Most diversity was detected in Firmicutes with
many Bacillus, Lactobacillus and Clostridium
types recorded in sediments, whereas
Actinobacteria were much less well represented.
Proteobacteria dominated water samples with
methylotrophs and non-sulphur phototrophs
(Alphaproteobacteria), hydrogenotrophic Bacte-
ria and methylotrophs (Betaproteobacteria),
nitrifiers, sulfur oxidisers and anoxygenic
phototrophs  (Gammaproteobacteria)  being
represented. Sediments also had sulfate reducers
(Deltaproteobacteria). Other sequences, mostly
from sediments, were related to the Bacteroidetes
group of Bacteria and Spirochaetes, indicating in
common with other studies on the East African
lakes great phylogenetic complexity.

Three Wadi Natrun lakes in Egypt have been
studied by Wiegel and colleagues (Mesbah
et al. 2007a). These analyses showed that the
bacterial community was diverse. Nearly 42 %
of the sequences that were retrieved were less
than 90 % similar to previously described
sequences or organisms in culture. The bacterial
community in both the water and sediments
of the lakes was dominated by clones affiliated
with the low G + C Firmicutes, Gammaproteo-
bacteria and Bacteroidetes groups, patterns that
have been observed in previously described
East African ecosystems (Rees et al. 2004). The
bacterial community composition of the water
and sediment of the same lake and of different
lakes was significantly different. Anoxygenic
phototrophic Bacteria in Alpha- and Gammapro-
teobacteria  such as  Ectothiorhodospira,
Halorhodospira spp. and members of the
Rhodobacterales were frequently detected in all
lakes, in agreement with the historical
observations of blooms of these Bacteria.
Chemolithotrophic ~ sulfur  oxidisers  and
sulfate-reducing Bacteria were also widely
detected. Examples of Firmicutes include
members of the Clostridiales including
Alkalibacillus and Alkaliphilus and members of
the Halanaerobiales, mostly in sediments.
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Spirochaetes, Verrucomicrobia and Chloroflexi
were detected only in Lake Hamra (Egypt),
together with an absence of archaeal sequences,
possibly reflecting the more oxygenated and
dilute nature of this lake. The archaeal commu-
nity composition of the other Wadi Natrun lakes
appeared less diverse: all sequences fell into
the phylum Euryarchaeota. A few sequences
were related to the methanogen Methanoha-
lophilus oregonensis and the haloarchaeon
Natronomonas pharaonis, but the vast majority
were largely unrelated to previously documented
sequences, with the exception of some similarity
to several of the unusual Lake Magadi salt pan
sequences recorded by Grant et al. (1999),
although not the nanohaloarchaeal sequences.
An earlier study by Grant et al. (2004) looked at
anaerobic enrichment cultures set up from sedi-
ment samples and soda soil samples obtained
from lakes at the same site. Clones derived
from lake sediments most closely matched Clos-
tridium spp., Natronincola histidinovorans,
Halocella cellulolytica, Bacillus spp. and the
Bacteroidetes phylum. Similar clones were
identified in the soda soils, but Bacillus spp.
predominated. Many of the clones were most
closely related to organisms already identified
in alkaline or saline environments.

5.4.2 The Rest of the World’s Soda
Lakes

Following on from these pioneering studies on
African soda lakes, other authors have recorded
similar analyses on Inner Mongolian soda lakes;
Qinghai Lake, China; soda lakes in the USA,
Hungary, the Transbaikal region of Russia and
the Kulunda Steppe region; Lonar Lake in India;
Lake Texcoco in Mexico; and Lake Van in Tur-
key. Some of these studies have used conven-
tional 16S rRNA gene clone library analyses to
measure the overall diversity of Bacteria and
Archaea, whereas others have looked at genes
defining particular physiological groups such
as autotrophs, sulfur oxidisers, aerobic
methylotrophs, methanogens and phototrophic
Bacteria.
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Borsodi et al. (2013) looked at one of the
shallow soda ponds located in the Kiskunsag
National Park, Hungary, and found that most of
the total of 157 16S rRNA gene sequences affili-
ated with the anoxic phototrophic Bacteria in the
genera Rhodobaca and Rhodobacter (Alphapro-
teobacteria), Ectothiorhodospira (Gammapro-
teobacteria) and Heliorestis (Firmicutes).
Phylotypes related to the phylum Bacteroidetes
formed the second most abundant group. Clones
related to the mainly anaerobic and alkaliphilic
Bacteria of the genera Anoxynatronum
(Firmicutes), Spirochaeta (Spirochaetes) and
Desulfonatronum (Deltaproteobacteria) were
also found, revealing a very similar pattern to
strains isolated from the African lakes.

Lopez-Garcia et al. (2005) carried out an anal-
ysis of the carbonate-rich microbialite columns
produced by ingress of calcium-enriched waters
into the soda Lake Van in Turkey. Although not a
direct examination of the brine, molecular diver-
sity studies based on 16S rRNA gene amplifica-
tion revealed the presence of bacterial lineages
affiliated to the Alpha-, Beta- and Gammaproteo-
bacteria, the Cyanobacteria, the Bacteroidetes
group,  Actinobacteria  and  Firmicutes.
Cyanobacteria and Bacteroidetes members were
detected only in surface layers. The most abun-
dant and diverse lineages were the Firmicutes.
Again, there was considerable similarity to soda
lake sites elsewhere in the world. The authors
speculate that these heterotrophic Bacteria may
play a crucial role in the formation of Lake Van
Microbialites by locally promoting carbonate
precipitation.

Wani et al. (2006) looked at the prokaryotic
diversity of Lonar Lake (India). Most of the
bacterial 16S rRNA gene clones were classified
as Firmicutes (34 %). The other clones were
grouped into  Proteobacteria  (29.5 %),
Actinobacteria (6.8 %), Deinococcus-Thermus
(4.5 %), Bacteroidetes (13.3 %), Planctomycetes
(6.8 %), Cyanobacteria 4.5 %) and
Spirochaetes (2.3 %). In the case of the archaeal
16S rRNA gene library, analysis of 25 randomly
selected clones revealed the presence of 13 dis-
tinct phylotypes; five phylotypes were associated
with  Crenarchaeota  and  eight  with
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Euryarchaeota. Most of the FEuryarchaeota
sequences were related to methanogens.

Ma et al. (2004a) looked at bacterial diversity
in the Inner Mongolian Baer soda lake. Here the
picture was slightly different in that the 16S
rRNA gene library was dominated by Gram-
negative Bacteria (24 % Alphaproteobacteria,
31 % Betaproteobacteria, 33 % Gammaproteo-
bacteria and 2 % Deltaproteobacteria), with a
low percentage of clones corresponding to Gram-
positive Bacteria. Forty cloned sequences were
similar to that of known bacterial isolates
(>97 % sequence similarity), represented by
the species of the genera Brevundimonas,
Comamonas, Alcaligenes, Stenotrophomonas
and Klebsiella. FEighteen cloned sequences
showed less affiliation with known taxa (<97 %
sequence similarity) and may represent
novel taxa.

Jan-Roblero et al. (2004), in the first molecular
study at this site, studied lagoons at Lake Texcoco
in Mexico to determine any differences between an
original lagoon and a restored lagoon. The restored
Facultativa lagoon harboured mainly Gamma-
and Betaproteobacteria, Firmicutes and several
members of the Halobacteriaceae. The original
Nabor Carrillo lagoon mainly included typical hal-
ophilic and alkaliphilic Firmicutes, Gammaproteo-
bacteria and Betaproteobacteria similar to those
found in other soda lakes. The lake site was
revisited in 2009 (Valenzuela-Encinas et al. 2009)
after a period of flooding of adjacent alkaline—saline
soil. Three different soil sites were chosen on
the basis of conductivity. 16S rRNA gene clone
identification of the phyla Proteobacteria,
Actinobacteria, Acidobacteria, Cyanobacteria,
Bacteroidetes, Firmicutes and Chloroflexi showed
that the bacterial communities were different.
Species and genera of the Rhizobiales,
Rhodobacterales and Xanthomonadales orders
of the Alpha- and Gamma-subdivisions of
Proteobacteria were found at all three sites. Species
and genera of the Rhodospirillales, Sphingobac-
teriales, Clostridiales,  Oscillatoriales  and
Caldilineales were found only in the most saline
soil; Sphingomonadales, Burkholderiales,
Pseudomonadales and Actinomycetales in the inter-
mediate salinity soil; and Myxococcales and
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Actinomycetales in the least saline soil. This study
clearly showed the influence of the chemical
composition on microbial populations, with only
the most saline site bearing much resemblance to
typical soda lake microbiota.

Ghozlan et al. (2006) analysed the microbial
composition of Qinghai Lake in China in relation
to depth by characterisation of 16S rRNA
gene libraries. Whereas the Alpha-, Beta- and
Gammaproteobacteria and Bacteroidetes were
dominant at the water—sediment interface,
Firmicutes became the predominant group in
the anoxic sediments. They concluded that the
presence of Actinobacteria and Acidobacteria/
Holophaga in significant proportions in the
Qinghai Lake sediments appeared to be unique.
The archaeal diversity was much lower, and
clone sequences could be grouped in the
Euryarchaeota and Crenarchaeota domains.
The archaeal clones were not related to any
known cultures but to sequences previously
found in methane-rich sediments.

Humayoun et al. (2003) also did a depth-
distribution study, but in this case on Mono
Lake (USA). 16S rRNA gene sequences fell
into Alpha- and Gammaproteobacteria (6 %
and 10 %, respectively), Bacteroidetes (19 %),
Actinobacteria (25 %) and Firmicutes (Bacillus
and Clostridium, 19 %). Twelve percent were
identified as chloroplasts. The remaining 9 %
represented Beta- and Deltaproteobacteria,
Verrucomicrobiales and candidate divisions.
They noted elevated diversity in anoxic bottom
water samples relative to oxic surface water
samples.

In addition to the general molecular analyses
described above, there have been a number of
analyses designed to look at particular physiologi-
cal groups using group-specific 16S rRNA gene
amplification or the amplification of genes charac-
teristic of the physiology of the targeted group.
Thus the methylotroph population of Lonar Lake
was studied by group-specific 16S rRNA gene
amplification (Antony et al. 2010; Surakasi
et al. 2010) and methylotrophs in Mono Lake by
the amplification of methane monooxygenase
genes, whereby Lin et al. (2004, 2005) used a
combination of '*C-labelled CH, uptake, 16S
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rRNA  gene amplification and methane
monooxygenase gene amplification to study
methylotrophs in Transbaikal soda lake sediments.
All came to the conclusion that strains of
Methylomicrobium, Methylobacter, Methylomonas
and Methylothermus had assimilated the labelled
methane. Sulfate-dependent methane oxidation in
the same lake was studied by amplifying genes
involved in sulphide reduction together with
archaeal 16S rRNA genes, leading to the conclu-
sion that in this particular lake, Archaea were not
involved in the process (Scholten et al. 2005).

Sorokin et al. (2007b) looked at the sulphur-
oxidising Bacteria in Soap Lake using specific
amplification of 16S rRNA gene sequences and
cultivation studies, showing that both approaches
revealed the dominance of Bacteria belonging to
the genus Thioalkalimicrobium.

Tourova et al. (2013) used amplification of a
key enzyme of the Sox Pathway, sulfate
thiohydrolase, to study sulphur oxidation in salt
and soda lakes in southwestern Siberia and
Egypt, showing that all clone libraries obtained
from soda lakes containing the gene belonged
to the genus Thioalkalivibrio in agreement with
cultivation results. Earlier, Tourova et al. (2011)
used RuBisCO genes as molecular markers to
assess autotrophic microbial communities in
soda lakes of the Kulunda Steppe, showing that
diversity of autotrophic Bacteria in the studied
sediment horizons was low with haloalkaliphilic
Cyanobacteria and sulphur-oxidising Bacteria of
the genus Halorhodospira predominant. In con-
trast, in lake waters, halophilic chemoautotrophic
Halothiobacillus and Thioalkalivibrio were
found along with photoautotrophic Bacteria of
the genus Ectothiorhodosinus and Cyanobacteria.
Kovaleva et al. (2011) carried out a similar anal-
ysis in lake sediments from soda lakes of the
Kulunda Steppe (Altai, Russia) and from hyper-
saline alkaline lakes of Wadi Natrun (Egypt),
showing that hypersaline lakes were dominated
by members of the extremely haloalkaliphilic
sulphur-oxidising Ectothiorhodospiraceae, the
chemolithotrophic  Thioalkalivibrio and the
phototrophic Halorhodospira. The less saline
soda lakes from the Kulunda Steppe showed
domination of members of a novel phototrophic
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Chromatiales lineage and another only distantly
related to the Thiomicrospira cluster.

Asao et al. (2011) used a photosynthesis reac-
tion centre protein gene to carry out an analysis
of phototrophs in Soap Lake and showed that a
significant diversity of purple Bacteria inhabit
this soda lake with close relatives of several of
the phylotypes obtained from cultured species
such as alkaliphilic purple sulfur Bacteria of the
families Chromatiaceae and Ectothiorhodos-
piraceae detected. Several other more divergent
phylotypes were also identified.

Recently, Antony et al. (2012a), using a
combination of 16S rRNA gene library analyses
and functional gene analyses, looked at the
methanogen population in Lonar Lake (India).
16S rRNA gene sequences related to potentially
novel Archaea within the orders
Methanosarcinales and Methanomicrobiales
were obtained together with a significant fraction

of  sequences representing  uncultivated
euryarchaeotes. To identify the active
methylotrophic Archaea involved in

methanogenesis, mRNA transcripts of methyl-
coenzyme M reductase enzyme genes were
retrieved from  methanol-consuming  and
methane-emitting sediment microcosms at two dif-
ferent time points. Reverse-transcription PCR,
gPCR, DGGE fingerprint and clone library analy-
sis showed that the active Archaea were closely
related to Methanolobus spp.

The question of whether there are significant
differences in microbial populations between
different hypersaline lakes and if so what
determines this was approached in the study of
Pagaling et al. (2009). They used cultivation-
independent methods to investigate the prokary-
otic biogeography of the water column in six salt
lakes in Inner Mongolia, China, and a salt lake in
Argentina. These lakes had different salt
compositions and pH values and were at variable
geographic distances, on both local and intercon-
tinental scales, which allowed the exploration of
the microbial community composition within the
context of both contemporary environmental
conditions and geographic distance. Biotic simi-
larity matrices were used in combination with
environmental similarity matrices and a distance
matrix in the Mantel test to discover which
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factors significantly influenced biotic similarity.
It was shown that archaeal biogeography was
influenced by contemporary environmental
factors alone (Na', CO327and HCO5;™ ion
concentrations; pH and temperature). Bacterial
biogeography was influenced both by contempo-
rary environmental factors (Nat, Mg”, HCO5™
ion concentrations and pH) and also by geo-
graphic distance. In essence, lakes with similar
chemistries relatively close to each other have
similar populations, but great geographical
distances between lakes have an effect on at
least some of the microbial population structure
when comparisons are made.

5.5 The Thermal Sites

5.5.1 Thermophilic Alkaliphiles

The EARS is an area of active volcanism and
some of the soda lakes are fed by heated ground-
water rising from deep aquifers along established
fault lines (McCall 2010). The waters become
rapidly enriched in carbonate on reaching the
surface, although the composition of the springs
is more dilute than that of the lakes that they
feed. The warm and hot springs vary with the
nature of the location and lake water levels.
Some springs are submerged (e.g. at Lake
Elmenteita and Lake Bogoria), but on the shores
of Lake Bogoria, these are often strong flows
from boiling (96 °C at this altitude) pools and
‘geysers’ especially at the Loburu Delta (Renaut
et al. 2013) (Fig. 5.5), while the Magadi—Natron
basin is characterised by weakly flowing ‘soda
seeps’ with a higher conductivity (total dissolved
salts) and a south-to-north temperature gradient
along the Nguruman Escarpment ranging from
30 °C in the south to 84 °C at the northern end of
Little Lake Magadi (Nasikie Engida). There are
also hot springs in Ethiopia (Lake Shala and
Lake Chitu) and thermal sites on the northern
shores of Lake Natron (Tanzania). Collectively
these springs and their drainage channels provide
remarkable  ecosystems  with  fascinating
gradients of pH, salinity and temperature that
have attracted almost no microbiological studies.
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Fig. 5.5 Hot springs at the
Loburu Delta, Lake
Bogoria, Kenya (December
1996)

Fig. 5.6 ‘Stromatolite-
like’ algal mats in a warm
spring drainage channel at
the southern end of Lake
Magadi. The red mat at the
centre of the picture had
been inverted to reveal the
underside

The weakly flowing warm springs in the
Magadi basin at the foot of the Nguruman Escarp-
ment are complex environments characterised by
extensive ‘algal’ mats whose true nature has
never been explored and are part of an intricate
food web involving at least a brine fly and a
species of spider (BE Jones and WD Grant, per-
sonal observations). The °‘algal’ mats in the
run-off channels from warm springs at the south-
ern end of Lake Magadi are altogether quite
different, resembling  ‘proto-stromatolites’
(Fig. 5.6). All these mats must make a consider-
able contribution to the carbon input into these

hypersaline soda lakes, but this has never been
quantified and requires further research
Evidence of true [relict] stromatolites has
been demonstrated at Lake Bogoria (McCall
2010), and cyanobacterial mats undergoing

calcification have been recorded (Renaut
et al. 2013) associated with the shoreline hot
springs. Many of the hot springs on the shores
of Lake Bogoria vigorously emerge at
temperatures close to 96 °C through unconsoli-
dated sediments into incised pools 2 m or so deep
or spouting from vents surrounded by travertine
terraces (Renaut et al. 2013) (Fig. 5.5) and
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discharge into narrow, sinuous drainage channels
into the lake.

A noticeable feature of the travertine terraces
and drainage channels is the extensive, thick
microbial mats that range in colour from bright
orange close to the hot spring vent (Fig. 5.5) to
green and dark brown or black gelatinous mats or
streaming filaments in the cooler waters. The
upper temperature limit for these mats appears to
be 68-70 °C. They are composed of Chloroflexus
spp., a member of the anoxygenic phototrophic
green non-sulphur Bacteria and filamentous or
coccoid Cyanobacteria (Grant and Tindall 1986
and unpublished observations) that have been
assigned to Oscillatoria, Phormidium,
Pseudanabaena, Spirulina, Arthrospira,
Leptolyngbya, Planktotrichoides, Synechococcus,
Xenococcus and Nostocales spp. (Dadheech
et al. 2013; Krienitz et al. 2003). A recent
metagenomic study based on cyanobacterial 16S
rRNA gene sequencing suggested that almost
15 % of the Lake Bogoria hot spring
Cyanobacteria could not be assigned to any
known taxon (Dadheech et al. 2013).

In the past we have speculated that the micro-
bial mediation of geochemical processes at Lake
Bogoria hot springs and EASL is likely to be
considerable (Jones et al. 1994). However,
Renaut et al. (2013) discounted the involvement
of the Chloroflexus—Cyanobacteria associations
in the travertine formation at the Lake Bogoria
hot springs since this occurs at >80 °C, which is
above the maximum temperature for photoauto-
trophic [cyano]bacteria, although microbial
involvement in calcite formation at lower
temperatures could not be ruled out.
Mineralisation of Cyanobacteria mats such as
Phormidium during wetter periods when lake
levels are high has been implicated in the forma-
tion of stromatolites (Casanova 1986; Renaut
et al. 2013), and biomediated silica precipitation
is responsible for silicified microbial crusts and
microstromatolites, also observed in the Lake
Bogoria hot springs (Renaut et al. 1998).
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Renaut et al. (1998, 2013) have speculated on
the involvement of hyperthermophiles in
biomineralisation processes in the Lake Bogoria
hot springs; however the lack of evidence may be
due to the shortage of thermophilic, alkaliphilic
isolates either from EASL or indeed elsewhere
(Table 5.7). Thermophilic and alkaliphilic
microbes, which might also be halophilic and
anaerobic, are often referred to as polyextre-
mophiles, and these have been extensively
reviewed in recent years (Bowers and Wiegel
2011; Bowers et al. 2009; Canganella and
Wiegel 2014; Kumar and Satyanarayana 2013;
Mesbah and Wiegel 2008, 2011, 2012; Wiegel
2000, 1998).

Many of these organisms described as
polyextremophiles are not very remarkable;
many of them neither represent the most extreme
thermophilic nor the most alkaliphilic of
microorganisms, and it appears that pH and
temperature optimum are inversely related
(Mesbah and Wiegel 2008). Thermoalkaliphiles
(or alkalithermophiles) having temperature
optima >65 °C with pH optima >9.5 are not
common, and this is thought to reflect physiolog-
ical constraints (van de Vossenberg et al. 1995),
but it could equally be due to a lack of explora-
tion. Here we only consider optimum
temperatures for growth >50 °C and optimum
growth pH >8.5 (Table 5.7). The number of
well-characterised thermophilic and alkaliphilic

organisms  originating from soda lake
environments appears quite restricted (Table 5.7).
Although other highly alkaline natural

environments exist, for example, due to the geo-
chemical process of serpentinisation (Suzuki
et al. 2014), they have an altogether different
chemistry and do not harbour the same
organisms as soda lakes. In addition, serpenti-
nisation sites are not hot. An exceptional geo-
thermally heated alkaline environment is the
Rehai geothermal site at Tengchong, China
(Pagaling et al. 2012), but again the geochemis-
try is different from EARS hot soda springs, and
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Table 5.7 Thermophilic alkaliphiles

Genus and species
Archaea

Natrialba
hulunbeirensis
‘Natronolimnobius
aegyptiacus’
Thermococcus
acidaminovorans

Thermococcus
alkaliphilus

Thermococcus
fumicolans

Bacteria
Peptoclostridium
paradoxum [basonym
Clostridium]
Peptoclostridium
thermoalcaliphilum
[basonym
Clostridium]
Anaerobranca
horikoshii

Anaerobranca
gottschalkii
Thermosyntropha
lipolytica
Thermobrachium
celere
‘Thermopallium
natronophilum’
Natranaerobius
thermophilus
Natranaerobius
trueperi
‘Natranaerobius
grantii’
‘Natranaerobius
Jonesii’
‘Caloramator
halophilus’
Natronovirga
wadinatrunensis
Halonatronum
saccharophilum
Dichotomicrobium
thermohalophilum

Origin

Soda lake, Inner
Mongolia, China
Wadi Natrun, Egypt

Marine
hydrothermal vent,
Vulcano, Italy
Marine
hydrothermal vent,
Vulcano, Italy
Deep sea
hydrothermal vent,
North Fiji basin

Sewage plant, USA

Sewage plant, USA

Hot spring,
Yellowstone NP,
USA

Lake Bogoria,
Kenya

Lake Bogoria,
Kenya
Ubiquitous

Lake Bogoria,
Kenya
Wadi Natrun, Egypt

Wadi Natrun, Egypt

Lake Magadi,
Kenya

Lake Magadi,
Kenya

Salt flats, Nevada,
USA

Wadi Natrun, Egypt

Lake Magadi,
Kenya
Solar Lake, Israel

pHopt
9.0

9.5

8.5

9.3

9.2

8.5

9.5
8.5
8.2
8.8—
9.5
9.5
9.5
9.5
10.5
9.2
9.9

8.5

8.5

Top[
O

50

55

85

85

85

56

51

57

55
63
66
70
53
52
46
66
64
51
55

50
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Comments

Aerobe, halophilic

Aerobe, halophilic
Anaerobes. Optimum pH may
be considerably lower at the

optimum growth temperature
(Wiegel 1998)

Anaerobe

Anaerobe

Anaerobe, alkalitolerant

Anaerobe, alkalitolerant
Anaerobe, alkalitolerant
Anaerobe, alkalitolerant
Anaerobe

Anaerobe, halophilic
Anaerobe, halophilic
Anaerobe, halophilic,
thermotolerant
Anaerobe, halophilic
Facultative aerobe
Anaerobe, halophilic
Anaerobe, halophilic

Aerobe, halophile

Reference

Xu et al. (2001)

Mesbah and Wiegel
(2012)

Dirmeier et al.

(1998)

Keller et al. (1995)

Godfroy et al.
(1996)

Li et al. (1993),
Yutin and Galperin
(2013)

Li et al. (1994),
Yutin and Galperin
(2013)

Engle et al. (1995)

Prowe and
Antranikian (2001)
Svetlitshniyi et al.
(1996)

Engle et al. (1996)

This chapter

Mesbah et al.
(2007)

Mesbah and Wiegel
(2009)

Bowers et al. (2008)

Bowers et al. (2008)

Mesbah and Wiegel
(2011)
Mesbah and Wiegel
(2009)
Zhilina et al. (2001)

Hirsh and Hoffman
(1989)

(continued)
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Table 5.7 (continued)
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T() t
Genus and species Origin PHopt (°é) Comments Reference
Caldalkalibacillus Alkaline hot spring, 8.5 60 Aerobe, obligate alkaliphile Xue et al. (2006)
thermarum Tengchong, China
Caldalkalibacillus Hot spring, 8.3 52 Aerobe, alkalitolerant Zhao et al. (2006,

(Thermalkalibacillus)
uzonensis

Kamchatka, Russia

2008)

Microorganisms originating from African lakes are noted in bold type

a quite different spectrum of microorganisms has
been recorded at the Tengchong site (Hedlund
etal. 2012; Pagaling et al. 2012; Xue et al. 2006).
All these observations suggest that the Rift Valley
thermoalkaliphiles are endemic or at least
restricted in their biogeography, but there are
too few similar habitats known and too few stud-
ies performed to be able to draw firm
conclusions.

5.5.2 A Novel Alkaliphilic Member
of the Thermotogales

Duckworth et al. (1996) reported the isolation
and 16S rRNA gene sequence of two thermo-
philic and alkaliphilic strains from the hydrother-
mal springs at Lake Bogoria that were clearly
related to the genera Fervidobacterium and
Thermotoga in the bacterial order Thermotogales
for  which the name  ‘Thermopallium
natronophilum’ was proposed. However, other
than the occasional mention in conference
abstracts (Meijer et al. 1996; Wiegel and Kevbrin
2004), no formal description of the new genus
was ever published. This may in part be due to
the commercial interest since much of the infor-
mation was published in the patent literature
(Jones et al. 1997). The strain was deposited as
DSM 9460 for the purpose of patent procedures

and investigated for
(Thompson 1998).

Samples were collected anaerobically in
December 1992 (Duckworth et al. 1996)
(Table 5.8) and enriched on a low conductivity
(5-11 mS cmfl)—modiﬁed Thermus medium
(TM), pH 9.5 (Table 5.9).

Positive enrichments were obtained only on
the low-salt samples 7A and 9A, and pure strains
were isolated from single colonies by plating out
on TM medium plus 2.5 g L™" starch-agar at
70 °C under N,. The morphology of the cells is
shown in Fig. 5.7, and a brief description of the
new natronophilic thermophile is provided in
Table 5.9.

Phylogenetic analysis based on the sequenc-
ing of the gene coding for the small subunit
rRNA indicated that these strains are more
closely related to Fervidobacterium than to
Thermotoga (Table 5.10) and are probably
representatives of a new genus within the
Thermotogales. The full sequence of the 16S
rRNA gene of ‘Thermopallium natronophilum’
strain Tg9A is deposited at EMBL under acces-
sion number X91822 and GenBank under
U37021. However, the taxonomy of the
Thermotogales has recently been revised
(Bhandari and Gupta 2014), and it is unclear
how strain Tg9A fits in as the bacterium is not
readily available.

hydrolytic enzymes
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Table 5.8 Anaerobic soda lake samples for enrichment

Conductivity Equiv. Equiv.
Sample Source Temp °C pH (mS cmfl) salt (%) Na,CO; (gLf')
TA Bogoria (hot water channel 66 9.5 8 0.5 8.5
where it enters the lake)
SA Bogoria (hot water channel) 85 10 18 1.1 19
9A Bogoria (geyser pool) 96 8.5 4.8 0.3 5.1
17A Little Magadi (hot pool) 60-80 9.8 35 2.1 37
18A Little Magadi (hot water stream) 60-80 9.8 37 2.2 39

Table 5.9 Description of Thermopallium natronophilum

Enrichment medium (g Lfl): tryptone, 2.0; yeast extract, 1.0; NaCl, 2.0; Na,S.9H,0, 0.5; Na,SiO3, 0.004; Castenholz
salts (Williams and Da Costa 1992), 1.27 g L, at 70 °C under a head space gas phase of N,/CO,/H, (94:5:1 by
volume).

Morphology. Straight rod-shaped bacterium with rounded ends surrounded by a sheath-like outer structure ballooning

over both ends of the cell similar to Thermotoga (Huber and Stetter 1992) Fig. 5.7. During growth the outer sheath-

like structure often becomes spherical at one end of the cell. The cells usually occur singly or in short chains up to 3

cells long. During growth cells may become curved or irregular in shape, sometimes forming aggregates. In stationary

phase the cells become coccoid with one or more cells within a large spherical body. Forms round, shiny, whitish,
translucent colonies on alkaline nutrient agar containing carbonate. Gram reaction, negative; KOH reaction, negative;
aminopeptidase reaction, negative. Strict anaerobe.

In the presence of sodium dodecylsulphate 1% (w/v) both the cells and sheath-like structure disintegrate within a few

seconds. There is no effect observed with lysozyme (10 mg mL ™).

Thermophile. Temperature growth range: 52 °C-78 °C.

No growth at 50 °C or 79 °C.
Maximum cell yield at 63 °C-64 °C.
Maximum growth rate at 70 °C.

Alkaliphile. pH range for growth: 7.2 to >10.5.
pH optimum for growth: 8.8-9.5.

“Natronophile’, requires HCO3~ or CO5% for growth. No growth is obtained on media adjusted to alkaline pH
values with NaOH.

Requires low conductivity/low salt growth medium.

Optimum NaCl concentration for growth = 1% w/v.
At NaCl concentrations above 2% w/v cell yield and growth rate is severely reduced.
No growth above 5% w/v NaCl.

Nutrition. Grows (70 °C) on glucose, galactose, maltose, xylose (weak), acetate, pyruvate (weak), glycine, glycerol,
cellulose (weak), xylan, starch, casein, gelatine, tryptone, yeast extract and olive oil. No growth on ribose,
formate, lactate, propionate, glutamate or ethanol.

Antibiotics (100 pg mL ™). Sensitive (70 °C) to ampicillin, chloramphenicol, polymyxin B, streptomycin, tetracycline.
Not sensitive to cycloheximide or gentamycin.

Growth is inhibited by H,, which may be relieved by adding sulphur (S% but not by Na,S.

No growth under 100% CO, either with or without S°. Grows best under N».

G + C content: 36.3£0.9 mol% (n=2) (HPLC).

Habitat. Found in low conductivity (<15 mS cm™!) alkaline (carbonate) hot springs.

5.5.3 Metagenome Study of Alkaline  to form a substantial perennial stream of water
Hot Springs feeding this endorheic lake. The springs appear

to be permanent, but their position is ephemeral

The numerous hot springs at the foot of the as the braided water channels vary from year to
Nguruman Escarpment at the northern end of year probably in response to changing ground-
Little Lake Magadi (Nasikie Engida) coalesce water levels. The springs emerge from the gravel



5 Bacteria, Archaea and Viruses of Soda Lakes

129

Fig. 5.7 Phase-contrast
photomicrograph showing
the morphology of
‘Thermopallium
natronophilum’.

Bar represents 10 pm

Table 5.10 16S rRNA sequence homology (%) comparison between Thermopallium natronophilum strain Tg9A and

some other members of the order Thermotogales

Thermopallium Fervidobacterium  Fervidobacterium  Thermosipho — Thermotoga
natronophilum islandicum nodosum africanus maritima
Thermopallium 100
natronophilum
Fervidobacterium ~ 90.0 100
islandicum
Fervidobacterium  89.9 95.2 100
nodosum
Thermosipho 85.9 87.4 86.1 100
africanus
Thermotoga 83.6 85.1 84.1 88.6 100
maritima

substratum to form hot pools with temperatures
80°—-84 °C which overflow into water channels
exhibiting interesting thermal and salinity
gradients. We were unable to isolate the
‘Thermopallium’ strains from these springs,
probably because the salinity is too high
(Table 5.8), and we find no molecular signature
for them in the metagenome (Table 5.11).

Even so, to the experienced observer
(WD Grant and BE Jones, personal
observations), there is ample macroscopic evi-
dence of microbial life in and around these hot
soda springs. There are green, yellow and red
algal mats of various types covering the
sediments or as green filaments attached to the

coarse gravel. The upper temperature limit for
these photosynthetic microbes appears to be
68 °C. At higher temperatures up to 76 °C,
there are thick bacterial masses of long ‘grey
filaments’ anchored to gravel and small rocks to
prevent wash away in the swiftly flowing water.
In the past we have attempted to cultivate these
‘grey filaments’, but without success. The analy-
sis of extracted DNA was similarly unsuccessful.
However, a recent, but incomplete, metagenomic
analysis of a 80 °C hot pool at Little Lake
Magadi (DA Cowan and BE Jones, unpublished
data) gives a clue to the identity of these ‘grey
filaments’, since molecular signatures related to
Thermocrinis and Hydrogenobacter 16S rRNA
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Table 5.11 Some 16S rRNA gene sequences detected in the metagenome of a Little Lake Magadi hot spring

(D. A. Cowan and B. E. Jones, unpublished results)

Identity [Genbank Acc. No.]
Alkalimonas delamerensis 1E1 (94 %) [NR_044879]

Anaerobacillus sp., A. alkalilacustris Z-0521 (97 %) [DQ675454], A. alkalidiazotrophicus (95 %) [DQ675454].

Anerobacillus arseniciselenatis (92 %) [AJ865469]

Agquificales sp. (94 %), Thermocrinis sp. (90 %), Hydrogenobacter thermophiles (90 %) [DQ791382]

Halomonas sp. (92 %) [JX240570], H. nitritophilus (92 %) [AJ309564], H. campisalis (91 %) [AY935689]

Lake Nakuru isolate 20 N1 (99 %) [X92128] A. haloalkalitolerans?, Aliidiomarina sanyensis (100 %) [JX981923]
Marinobacter sp. (92 %) [KF908999], M. alkaliphilus (95 %) [EU440994]

Natroniella sp. (94 %), [N. sulfidgena (94 %), Halonatrum saccharophilum (94 %)] [1X240706]

Neptunomonas sp. (80 %) [KC160633]

Nitrincola sp. (98 %) [FN395250], N. lacisaponensis (96 %) [AY567473]

Thermus sp. (90 %) [AY699382]

Uncultured bacterial clone (hot spring Taiwan) (95 %) [AB696025]
Uncultured bacterial clone from alkaline hot spring Papua New Guinea related to Acetothermia candidate div. OP1

(91 %) [JF935228]

Uncultured bacterial clone (Bacilliaceae) (93 %) [EF422410]

Uncultured bacterial clone from Inner Mongolia Xiarinur soda lake (94 %) [GU083678]
Uncultured candidate div. OP1 (Acetothermia) (91 %) [JIN882362]

Candidatus Contubernalis alkalaceticum clone Z-7904 (94 %) [DQ124682]

Uncultured bacterial clone Soap Lake, USA (90 %) [EU645189]

genes were recovered (Table 5.11). Most of the
currently described members of Thermocrinis
and Hydrogenobacter were isolated from low
ionic strength hydrothermal systems with a fairly
neutral pH in continental solfatara fields (Huber
and Eder 2006), conditions quite different from
those encountered in the Little Lake Magadi hot
springs (Table 5.7) with pH 9.5-10 and conduc-
tivity >35 mS cm L. Given these circumstances,
it is highly likely that the ‘grey filaments’ repre-
sent a novel alkaliphilic taxon within the
Aquificales, and many of the physiological
features of the organism can be predicted. It is
probable that the bacterium is a microaerophilic,
chemolithotrophic primary producer fixing CO,
using the reductive TCA cycle, using H, as sole
electron donor and maybe additional sulphur and
thiosulfate (Eder and Huber 2002; Stohr
et al. 2001). Since the origins of primary produc-
tivity in the trona and concentrated brines of the
hypersaline lakes of the Magadi—Natron basin
are generally unclear (Jones et al. 1998), these
‘grey filaments’ could be important for our
understanding of trophic relationships in these
concentrated brine lakes. However, the organism
needs to be isolated for study in pure culture. The

same can be said of all the other signature
sequences recovered in the metagenome
(Table 5.11).

5.6 Soda Lake Viruses

Suttle (2007) noted that viruses are the most
pervasive biological entities in aquatic systems,
the majority being bacteriophages. Accordingly,
it is not unreasonable to suppose that the viral
population in soda lakes must make a significant
contribution to microbial interactions and devel-
opment, given the often recorded dense blooms
of Prokaryotes, particularly Cyanobacteria and
Haloarchaea. Very little attention, however, has
been paid to the soda lake environment, although
there is a considerable body of work on hypersa-
line virioplankton, particularly haloarchaeal
bacteriophages, in neutral hypersaline lakes
(reviewed by Baxter et al. 2011). Techniques
applied to neutral hypersaline sites include virus
isolation by cultivation, phase partition and
direct genome isolation by pulsed-field electro-
phoresis. Population studies have employed fil-
tration concentration techniques together with
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transmission electron microscopy, and, recently,
a metagenomic approach has been applied to
these environments. Counts of virioplankton at
3-6 x 10 mL™" have been recorded as com-
pared to cell counts of around 6 x 10’ mL™" of
the brine (Baxter et al. 2011), and a considerable
number of different morphotypes have been
observed, some fusiform types characteristic of
haloarchaeal host types and others typical head
and tail phages.

Studies on African soda lakes are restricted to
investigations of factors involved in population
fluctuations of Cyanobacteria and Lesser
Flamingos (Phoeniconaias minor). Recently, a
cyanophage was described that infects
Arthrospira platensis in mass cultures (Jacquet
et al. 2013). Based on morphology and molecular
investigation, it was proposed that the virus
belongs to the cyanopodovirus group with a cap-
sid and short tail. Fluctuations in cyanobacterial
(Arthrospira spp.) mass seem to be the over-
whelming factor influencing flamingo distribu-
tion (Kaggwa et al. 2013a; Krienitz and Kotut
2010) and the cause of episodes of disappear-
ance. Peduzzi et al. (2014) screened for
virioplankton and, specifically, cyanophage
infection in Lake Nakuru (Kenya) over a period
of several months in 2009. Virioplankton num-
bers ranged from 1.2 x 10° to 7.0 x 10° mL™".
Flamingo numbers corresponded with the peak
of cyanobacterial biomass in the summer
months. During the crash in cyanobacterial bio-
mass in late summer (and the departure of
flamingos), visible signs of cyanophage infection
were detected by transmission electron micros-
copy in almost 25 % of cells, leading the authors
to conclude that a virus-mediated loss of the most
important food source triggered the collapse of
the flamingo population. In another study,
Kaggwa et al. (2013b) correlated morphological
change in the Arthrospira populations in the
Kenyan lakes Nakuru and Bogoria in part with
cyanophage numbers and speculate that
morphotype patterns may be useful in predicting
the best outcomes for commercial ‘Spirulina’
production.

Rather more work has been carried out on
virus populations in soda lakes elsewhere in the
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world, notably Mono Lake in California. Brum
et al. (2005) and Brum and Steward (2010)
looked at spatial and temporal variability of
Prokaryotes, viruses and viral infections in the
lake and morphologically characterised some of
the viruses using electron microscopy. Different
viral assemblages were detected in different
layers of the lake and fusiform viruses were not
found, in contrast to neutral hypersaline sites.
The authors conclude that the virioplankton was
different from other aquatic environments. Viral
numbers were comparable to those observed in
neutral hypersaline lakes and Prokaryote mortal-
ity ranged from 3.7 % to 16 % over the year,
with viral numbers correlated with Prokaryote
numbers, although not with algal/cyanobacterial
numbers as  judged by  chlorophyll
a measurements. Jiang et al. (2004) used
pulsed-field gel electrophoresis to reveal a
diverse viral community in the same lake with
genome sizes ranging from 14 to 400 kb with
most in the 30-60 kb size range, typical of
viruses infecting Prokaryotes. Pinkart and
Storrie-Lombardi (2007) presented preliminary
data demonstrating the presence of a diverse
group of phage integrases in Soap Lake
(Washington State) and speculate on the role of
bacteriophages in horizontal gene transfer in
soda lakes.

Krammer et al. (2008) deduced the potential
influence of viruses in shallow Austrian soda
ponds, measuring isotope incorporation by the
prokaryotic population following simulated rain-
water dilution that compared the addition of dis-
tilled water and artificial lake water with filtered
lake water, concluding that viral lysis was
reduced by dilution with rainwater.

Grant et al. (2011), in their review of several
Inner Mongolian soda lakes, describe two lytic
viruses isolated from the weakly mineralised
soda lake, Lake Bagaejinor. The host is a
Halorubrum sp. One of these viruses (BJ1) has
had its sequence determined and it has very low
sequence identity to any previously described
virus (Pagaling et al. 2007). BJ1 has an icosahe-
dral head and tail morphology and most likely a
linear double-stranded DNA genome exhibiting
terminal redundancy. Its genome sequence has
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Fig. 5.8 Trophic relationships and element cycling in the soda lake ecosystem (after Grant 2006)

42,271 base pairs with a G + C content of
~65 mol%. The genome of BJ1 is predicted to
encode 70 ORFs, including one for a tRNA. Fifty
of the 70 ORFs had no identity to database
entries; 20 showed sequence identity matches to
archaeal and to haloarchaeal viruses. ORFs pos-
sibly coding for an origin of replication complex,
integrase, helicase and structural capsid proteins
were identified. Evidence for viral integration
was obtained. The second virus BJ2 has been
partially sequenced: 44 contigs containing a
total of 97,602 base pairs with a G + C content
of 51 mol%. It has no discernible sequence iden-
tity to the BJ1 virus. This virus is more fully
described by Pagaling (2007).

5.7 Conclusions

It is clear that the soda lake community has
attained sufficient diversity to represent all the
main branches of the complete phylogenetic tree
of the Prokaryotes and additionally all the major
functional trophic groups required to close up
major biogeochemical cycles. Although we do
not know in detail all the aspects of the microbial

ecosystem in soda lakes, it is possible to make
predictions regarding the roles played by some of
the groups in the cycling of nutrients since there
are parallels with other aquatic systems. Despite
the conditions imposed by high alkalinity (and
sometimes high salinity), soda lakes contain
large numbers of Cyanobacteria, fermentative
and autotrophic  haloanaerobes including
spirochaetes and sulfate-reducing Bacteria,
many aerobic chemoorganotrophs including
Firmicutes and Actinobacteria Gram-positives,
Proteobacteria, aerobic methylotrophs, sulphur
cycle and nitrogen cycle chemolithotrophs,
thermophiles, aerobic Haloarchaea and anaerobic
methanogenic Archaea, with concomitant active
carbon, nitrogen and sulphur cycling under aero-
bic and anaerobic conditions. Accordingly, the
current understanding of trophic relations
amongst the microbial community in African
soda lakes (and other soda lakes around the
world) is predicted and depicted with some con-
fidence in Fig. 5.8.
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Abstract

Soda lakes of the East African Rift System and their connected hot springs
offer environments that promote growth of extremophiles. We provide an
overview of the cyanobacterial and algal flora and characterise the taxa
observed in these habitats. East African soda lakes (EASL) are listed
amongst the most productive ecosystems worldwide. The main driving
force of these systems is phytoplankton; extremely high light attenuation
minimises growth of phytobenthos, and larger plants occur only sporadi-
cally along shores. Some EASL are home to Arthrospira fusiformis,
formerly called Spirulina platensis, which is the main food of Lesser
Flamingos. This species and other Cyanobacteria are, however, also
discussed as a possible cause for sporadic flamingo die-offs.

We summarise the somewhat confused taxonomy of Arthrospira and
Spirulina and also show that—contrary to common opinion—Arthrospira
blooms are not persistent. Under unfavourable growth conditions,
Arthrospira is replaced by other taxa such as the prasinophyte Picocystis
salinarum at increased ion concentrations. Besides Cyanobacteria, some
of them diazotrophic, the algal community comprises mainly diatoms,
coccoid green algae and flagellates of various algal groups. These extreme
biotopes are usually treated as systems of low diversity, but, very recently,
studies applying molecular tools revealed an unexpected hidden diversity.
We demonstrate shifts of the phytoplankton community in these saline
alkaline waters and discuss approaches to interpret this phenomenon
based on biotic interactions and abiotic factors. Special attention is
given to effects of changing salinity on the food web.
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6.1 Introduction

Around 45 % of the global net productivity
originates from aquatic ecosystems (Field
et al. 1998), which is achieved by microphytes
(Cyanobacteria and algae). These small
photoautotrophs form the base of most aquatic
food webs including those of the East African
soda lakes (EASL). In contrast to other salt lakes,
the salinity of soda lakes is mainly defined by
high amounts of sodium, carbonate and
hydrogen-carbonate, which is the reason for the
high pH. The special environment promotes
growth of alkaliphilic, halo- and thermotolerant
organisms (Grant et al. 1990). Some lakes show
strong gradients in salinity, for example, from
hot springs with lower salinity or diffuse ground-
water inflows along the shores towards the lake’s
centre with higher salinity. This interesting phe-
nomenon has mostly been neglected. Most EASL
are shallow and prone to water level changes,
which is accompanied with large variations in
salinity. These shifts in chemistry influence
algal communities and other organisms.

It is commonly assumed that EASL are
Arthrospira-lakes, but the reality is different:
only a handful of lakes actually host this organ-
ism in high densities, such as Lake Chitu
(Ethiopia), Lake Bogoria (Kenya) and Lake Big
Momela (Tanzania). In other soda lakes, this
taxon occurs in lower densities and is associated
with other Cyanobacteria such as various species
of Anabaenopsis or Cyanospira (Krienitz
et al. 2016). Moreover, the cyanobacterial
blooms are not persistent and collapse from
time to time. Major confusion exists about the
naming of the most prominent cyanobacterium.
It is sometimes still called Spirulina platensis
(Gomont) Geitler, but the correct identification
is Arthrospira fusiformis (Voronikhin) Komarek
et Lund. This taxon is found in Africa and
Eurasia, whereas another species, Arthrospira
maxima Setchell et Gardner, with similar mor-
phology is known from America. Both species
are exploited commercially as a food additive.

A first impression of microphytes in the soda
lakes was provided by the zoologist Penelope

L. Krienitz and M. Schagerl

Jenkin, who joined the famous Percy Sladen
Expedition in 1929. In her letter to the editor of
the journal ‘Nature’, Jenkin reported on the
‘microphagous’ feeding of flamingos at Lake
Nakuru on the bloom-forming ‘blue-green alga,
Spirulina sp., in the plankton’ (loc. cit. Jenkin
1929, p. 574). Furthermore, she assumed that
diatoms provide another food source of
flamingos. Jenkin handed over her algal samples
to Florence Rich for more detailed
investigations. Rich (1932) studied phytoplank-
ton of the three Kenyan soda lakes Nakuru,
Elmentaita and Sonachi (sometimes referred to
as Green Crater Lake) and found that the
dominating population of Arthrospira was
interspersed with other Cyanobacteria such as
Anabaenopsis and diatoms. In 1932-1933, the
Mission Scientifique de 1’0Omo, headed by
Jeannel and Arambourg and accompanied by
the hydrobiologist Pierre-Alfred Chappuis,
again visited lakes of the East African Rift Sys-
tem. Chappuis handed over samples to the
phycologist Hans Bachmann, who amongst
other findings provided a detailed description of
the plankton community of Lake Elmentaita,
showing once again the invasion of
Anabaenopsis into the dominating Arthrospira
populations (Bachmann 1939). Later on,
scientists occasionally collected samples and
confirmed earlier findings that soda lakes are
characterised by only few taxa of microphytes
establishing extremely high biomass
(summarised in Wood and Talling 1988). In con-
trast to current opinion, molecular sequence
analyses of environmental samples from five
soda lakes of Ethiopia (Lanzén et al. 2013) and
one sample from Kenya (Luo et al. 2013)
revealed a much higher diversity of pro- and
eukaryotes than was previously expected. This
calls for further detailed studies on the microbial
community.

In some EASL, the cyanobacterial and algal
biomass forms the basis of a unique direct inter-
action between microphytes as primary
producers and warm-blooded primary consumer
birds, the Lesser Flamingos. This sensitive inter-
action has equally thrilled microbiologists,
phycologists, ornithologists and ecologists until
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today. Ground-breaking research on the food
web and energy flows of Lake Nakuru was
conducted by Ekkehard Vareschi and
co-workers, making this ecosystem the best-
studied soda lake in the East African Rift System
(Vareschi 1978, 1982; Vareschi and Jacobs
1985). Since around 20 years, recurring mass
mortalities of flamingos have been reported
(Ndetei and Muhandiki 2005). Besides bird
diseases (Kock et al. 1999; Sileo et al. 1979),
intoxification with pesticides or heavy metals
(Greichus et al. 1978; Kairu 1996), also
cyanotoxins have been forwarded as potential
causes for the die-offs (Ballot et al. 2004, 2005;
Metcalf et al. 2013). Recently, Peduzzi
et al. (2014) proved that crashes of Arthrospira
blooms are caused by cyanophages, which also
affect the flamingo population via cascading
effects: the breakdowns seem to trigger flamingo
movements from one lake to another (Kaggwa
et al. 2013; Kihwele et al. 2014).

6.2 Lake Systems and Their Algal

Communities

Phytoplankton of Ethiopian soda lakes was
investigated by Wood and Talling (1988),
Kebede and Willén (1998) and Kebede (2002)
and interpreted in a context of salinity. A clear
pattern was observed with lower species number
at higher salinity (see Chap. 12). Interestingly,
some lakes formerly treated as characteristic
Arthrospira systems now show different
communities because of drastic changes in chem-
istry caused by human activities such as soda ash
abstraction in the case of Lake Abijata (Kebede
and Willén 1996) or eutrophication and seismic
explosion experiments in the area of Lake
Arenguade (Girma et al. 2012), one of the small
crater lakes around the city of Debre Zeyit. In
this lake, a small-celled ecotype of A. fusiformis
was observed (pers. observation in autumn
2014), which was originally described from
Lake Oloidien, Kenya (Krienitz et al. 2013b). In
the crater lake Chitu, A. fusiformis is still persis-
tent (Ogato and Kifle 2014, Fig. 6.1). Located
just north of Lake Chitu, Lake Shala is the largest
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(~330 km?) and deepest crater lake (~260 m) of
Ethiopia and envisaged as a water reservoir for
drying Lake Abijata. Information on its limnol-
ogy and phytoplankton, however, is almost
lacking. Kebede (2002) reported high
abundances of halophilic diatoms such as
Chaetoceros and Thalassiosira for this lake.
Lake Basaka (Metahara), whose surface area
has increased considerably in the past 40 years
(Dinka 2012; Dinka et al. 2014), showed a com-
munity comparable to Lake Shala (Kebede and
Willén 1998). Diatom assemblages of EASL
including also some water bodies from the Afar
Depression have been studied by Gasse
et al. (1983). This thorough survey revealed five
groups of diatoms related to water chemistry, one
of them representing saline, alkaline
environments.

Most phycological research on EASL has
been conducted in the Kenyan lakes Bogoria,
Elmentaita, Nakuru and Sonachi. Detailed stud-
ies focusing on nutrients and phytoplankton
dynamics were already carried out in the 1970s
and 1980s (Hecky and Kilham 1973; Milbrink
1977; Melack and Kilham 1974; Melack 1982;
Tuite 1981; Vareschi 1982). The water bodies
were low in species number and indicated tem-
poral shifts towards taxa other than Arthrospira
fusiformis such as Anabaenopsis arnoldii
Aptekar, Synechococcus spp., Monoraphidium
minutum (Nédgeli) Komarkova-Legnerova and
the diatoms Anomoeoneis sphaerophora Pfitzer,
Navicula elkab Miller and Nitzschia frustulum
(Kiitzing) Grunow. The limnology of crater lake
Sonachi was reconstructed for the last 175 years
by Verschuren et al. (1999). The community
shifted from a dominance of Arthrospira
fusiformis to Chroococcales (Njugana 1988),
after which Arthrospira prevailed again (Ballot
et al. 2005). Harper et al. (2003) conducted a
biodiversity study of Lake Bogoria including
phytoplankton. Ballot et al. (2004) included a
description of the phytoplankton community
composition in lakes Bogoria, Elmentaita and
Nakuru. Schagerl and Oduor (2008) and Schagerl
et al. (2015) studied the influence of environmen-
tal factors on phytoplankton community compo-
sition. Ballot et al. (2005), Kaggwa et al. (2012),
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Fig. 6.1 Impressions of flamingo lakes. (a, ¢) The small Ethiopian crater lake Chitu is home to thousands of Lesser
Flamingos (November 2014); (b) Arthrospira fusiformis sampled from Lake Chitu; (d) Lake Bogoria (Kenya,
November 2011)
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Krienitz et al. (2003), Krienitz and Kotut (2010)
and Schagerl and Oduor (2008) examined algae
communities and reported periodic dominance
and paucity amongst the different phytoplankton
groups especially at extreme salinity levels. The
genus Cyanospira was originally described by
Florenzano et al. (1985) from Lake Magadi.
Lake Magadi is dominated by Arthrospira and
Synechococcus, but the chlorophyte Picocystis
salinarum Lewin was also recorded there
(Krienitz et al. 2012). Lake Turkana is almost
neglected in phycological research, although it
covers about 7500 km? and is the biggest lake in
Kenya (Kolding 1992; the northernmost part is
located in Ethiopia). Kéllgvist et al. (1988) found
generally low phytoplankton amounts here
(<10 pg L' chlorophyll-a); net plankton
samples showed mostly Botryococcus braunii
Kiitzing and Microcystis aeruginosa Kiitzing in
the open water, reflecting the increased turbidity
of Lake Turkana. Around the shoreline of
Ferguson’s Gulf, Anabaenopsis arnoldii was
abundant, which indicated limitation of nitrogen
supply.

Scarce information on algal communities in
Tanzania is available. Melack and Kilham
(1974) studied pelagic primary productivity in
lakes of northern Tanzania (Big Momela,
Reshitani, Magad), which were dominated by
Arthrospira  fusiformis  and  Glaucospira
laxissima (G.S.West) Simic, Komarek and
Dordevic. Lugomela et al. (2006) reported high
abundances of Arthrospira fusiformis from Lake
Big Momela and the small crater lake Embagai,
interspersed with filamentous Cyanobacteria and
pennate diatoms. In Lake Manyara, Lugomela
et al. (2006) observed Pseudanabaena,
Oscillatoria and Aphanocapsa. In this lake, the
community  shifted towards  Arthrospira
fusiformis in 2008 (Kihwele et al. 2014); this
increase was highly related to Lesser Flamingo
occurrence and nitrogen brought into the system
by the birds.
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6.3  Extreme Biotopes: The Hot

Spring Tributaries

Hot springs and geysers are unique habitats in the
catchment area of soda lakes around the world
and considered to be inhabited by
‘subcosmopolitan’ taxa (species occurring
throughout the world but only in ‘appropriate’
habitats; Padisak 2009). Interestingly, the geo-
graphic isolation of hot spring Cyanobacteria
has led to evolutionary divergences on both the
local and global scale (Castenholz 1996; Papke
et al. 2003). In the East African Rift System, hot
springs are located along the shorelines of lakes
Bogoria (Fig. 6.2), Elmentaita and Magadi in
Kenya, Manyara and Natron in Tanzania and
Abijatta and Shala in Ethiopia (Fig. 6.2). Hot
spring water is considerably lower in salinity
compared to soda lakes; nevertheless, it shows
marked differences in salinity: for example, hot
springs at Elmentaita are subsaline (1.6-2.3%o),
at Bogoria hyposaline (3.5-3.9%0) and at Magadi
mesosaline (29-32%o). Exchange and contact of
the spring organisms with the surrounding
habitats are given by the streamlets of the springs
discharging into the lake. Furthermore,
flamingos frequently visit the outlets of hot
springs for drinking and maintaining their plum-
age. Depending on the lake water level, hot
spring areas can be covered by lake water,
which enables a direct exchange of organisms
and of the genetic pool. A question of interest is
whether the cyanobacterial and algal flora of the
various lakes and spring habitats differ or not,
whereas the lakes are extreme in terms of
increased salinity and pH, the hot springs show
extreme temperatures.

The ecotones between hot springs and the lake
are peculiar habitats and have been categorised
into six major types by Owen et al. (2004). Based
on phycological considerations, three groups are
relevant: Type 1A = proximal hot/warm spring
streamlets with water temperatures > 40 °C;
Type 1B = hot/warm spring marshes of shallow
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Fig. 6.2 Hot springs. (a, b) Lake Shala (2014); (c¢) hot water discharging into Lake Bogoria (2011); (d) hot springs

and geysers along the shore of Bogoria (2008)

standing waters with temperatures ranging from
30 to 40 °C; and Type 5 = hypersaline lake
littoral wetlands along the shorelines. The
habitats are populated by microphytes that are
adapted to the high disturbances in these transi-
tional zones. Even minor changes in the lake
water level and the lake-marginal groundwater
can impact the ‘behaviour’ of the hot springs and
adjacent habitats (Renaut et al. 2008, 2013),
resulting in fluctuations of cyanobacterial
populations (Krienitz et al. 2005). Owen
et al. (2004) reported dissimilarities in the diatom

flora at interface zones in the Bogoria area: in hot
springs, the diversity was low, and common
diatoms such as Anomoeoneis sphaerophora
var. guentheri Miller, Navicula cryptonella
Lange-Bertalot, Craticula cuspidata (Kiitzing)
Mann and Nitzschia invisitata Hustedt were
observed. The wetland habitats were populated
by Fragilaria brevistriata Grunow,
Gomphonema parvulum (Kiitzing) Kiitzing,
Navicula  tenelloides  Hustedt, Nitzschia
communis Rabenhorst, N. latens Hustedt,
N. sigma (Kiitzing) W. Smith, Rhopalodia
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gibberula (Ehrenberg) Miiller and Stauroneis
anceps Ehrenberg. The hot spring diatom
assemblages of Lake Baringo (freshwater) and
Elmentaita were studied by Mpawenayo and
Mathooko (2004), who reported a rich flora of
58 species in Elmentaita with Naviculaceae
(22 taxa) and Epithemiaceae (13) being best
represented. Similar to Bogoria hot springs, the
dominant species were Anomoeoneis
sphaerophora (38 %) and Rhopalodia gibberula
(32 %) followed by Aulacoseira granulata
(Ehrenberg) Simonsen (12 %).

Dadheech et al. (2013) studied biofilms in the
hot springs and pelagic and littoral zones of Lake
Bogoria by means of light microscopy,
multilocus  454-amplicons sequencing and
metagenomics. The flora was characterised by a
high number of cyanobacterial taxa from differ-
ent systematic groups. Compared to hot springs
of other continents, most of the phylogenetic
lineages occurred exclusively in the Bogoria hot
springs, suggesting biogeographic speciation.
The prevalent phylotypes were members of
the  Oscillatoriales mainly related to
Leptolyngbya, Spirulina, Oscillatoria-like and
Planktothricoides. Chroococcales were
represented by different Synechococcus clades.
Not a single phylotype of Synechococcus from
Bogoria hot springs clustered with one of the
lineages described in earlier studies from other
continents. All lineages identified in the springs
were not observed in the lake, showing that they
were unable to survive under the strong alkaline
conditions of soda lakes where Arthrospira and
Anabaenopsis dominated. Despite the close hab-
itat connection, cyanobacterial communities of
the hot springs and the lake differed consider-
ably. This reflects their restricted survival capa-
bility under particular extreme conditions.
Surprisingly, a few phylotypes of Arthrospira
and Anabaenopsis were detected in the hot
springs, indicating their wide adaptability.

The transition zones could be very important
for buffering future changes of the ecosystems.
They harbour a rich diversity of cyanobacterial
phylotypes, providing a genetic pool for evolu-
tionary developments in the lake. According to
Kirkwood et al. (2008), varying salinity
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promotes diversification, which might have a
positive or negative impact on the organisms
in the food webs. For instance, Lesser
Flamingos are highly sensitive against changes
in food quality (Krienitz and Kotut 2010) and
mostly rely on high densities of Arthrospira
fusiformis (see also Chaps. 10 and 13). Hot
springs and transition zones can provide alter-
native food resources or establish producer
populations containing inedible or even toxic
organisms. Global climate-related changes
along with disruption and alteration due to
increasing anthropogenic disturbance also con-
siderably affect these archaic habitats of
Africa’s soda lakes.

6.4 Cyanobacteria

6.4.1 Arthrospira fusiformis

Arthrospira fusiformis is a character species of
soda lakes in Africa and Asia. It was mainly
reported from the tropics (Komarek and
Anagnostidis 2005), but is also found in temper-
ate regions, e.g. Serbia (Fuzinato et al. 2010).
Apart from their main occurrence in soda lakes,
Arthrospira is capable of surviving in a wide
range of conditions extending from freshwater
(e.g. lakes Chad and Naivasha) to hypersaline
water bodies (e.g. lakes Abbe and Katwe, Ciferri
1983; Dadheech et al. 2010, Krienitz and
Schagerl unpubl. results). A. fusiformis thrives
at salinities between 22 and 62%o (Iltis 1968)
and tolerates temperatures of > 35 °C (Vonshak
and Tomaselli 2000). At laboratory conditions,
Kebede (1997) studied growth of A. fusiformis
strains over a range of salinities and different
salts and found an inverse relationship, although
growth was still possible at a salinity of about
90%o. It is an alkaliphilic species (Grant
et al. 1990; Mesbah and Wiegel 2011) that
thrives even at pH beyond 9.5 (Belkin and
Boussiba 1991). A. fusiformis probably depends
on elevated sodium concentrations to maintain
pH homoeostasis at high pH (Schlesinger
et al. 1996), because sodium is needed for the
Na'/H" antiport through the plasma membrane
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(Krulwich et al. 2011; Pogoryelov et al. 2003)
(see Chap. 12).

Strong saline alkaline conditions promote
mass development of this taxon, which is well
documented in lakes of East Africa such as lakes
Bogoria (Hindak 1985; Harper et al. 2003;
Kaggwa et al. 2013), Nakuru (Krienitz and
Kotut 2010; Vareschi 1978, 1982), Simbi
(Melack 1979a), Elmentaita (Ballot et al. 2004;
Melack 1988; Schagerl and Oduor 2008),
Sonachi (Ballot et al. 2005; Rich 1932), Oloidien
(Krienitz et al. 2013b), Big Momela (Lugomela
et al. 2006), Abijata (Kebede and Willén 1998)
and Chitu (Kebede and Ahlgren 1996; Ogato and
Kifle 2014). Remote sensing of chlorophyll-a as
a proxy for phytoplankton biomass was applied
for Lake Bogoria (Tebbs et al. 2013). This
promising technique offered new insights into
the horizontal distribution of the algal blooms
and might also be applied in the future for studies
focusing on phytoplankton development and
crashes.

The biomass of Arthrospira reached maximal
values of 200-1430 mg L™ dry mass (Kaggwa
et al. 2013; Tuite 1981; Vareschi 1978, 1982).
An exceptional high primary production places
the African soda lakes amongst the world’s most
productive ecosystems (Oduor and Schagerl
2007a and references therein). Using the diurnal
changes in oxygen concentration of the water

Table 6.1 Crashes of Arthrospira in Kenyan soda lakes

Date of crash
1971

1973

1973 (Mar—Sep)
1973, 1974

1974

1974, 1976

1974 (Jan—-Mar)
2001 (Jun)

2001 (Oct)
2002 (Sep)
2004

2004 (Jul-Oct)
2006

2008 (Dec)-2009 (Apr) and 2009 (Sep—Oct)
2011

2012
2013-2015
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column, Melack and Kilham (1974) obtained
gross primary productivity rates of 36 g m > O,
(12 h)~! for Lake Nakuru; a community rate of
57 ¢ m? 0, d' was recorded for Lake
Arenguade (Ethiopia) by Talling et al. (1973),
and similar rates were measured for Lake Simbi
in Kenya (Melack 1979a). Maximum daily net
productivities (12 h) for Kenyan lakes Bogoria
and Elmentaita reached almost 20 gm 2 (12 h) "
(Oduor and Schagerl 2007a); Nakuru showed
even slightly higher rates (Oduor and Schagerl
2007a; Vareschi 1982).

Most of the studies focusing on EASL system
productivity refer to Arthrospira as the main food
source of Lesser Flamingos, which occur there in
numbers between two million (Brown 1959) and
three million (Mlingwa and Baker 2006). Other
main consumers of Arthrospira are the fish
Alcolapia grahami Boulenger; the rotifers
Brachionus dimidiatus Bryce, B. plicatilis Miiller
and Hexarthra jenkinae De Beauchamps; the
copepod Lovenula africana Daday and insects
such as chironomids (Harper et al. 2003; Vareschi
1982). Populations of Arthrospira, however,
turned out to be quite unstable and collapse in
irregular  intervals (Table 6.1). Peduzzi
et al. (2014) proved virus infection as a major
cause for A. fusiformis crashes in Kenyan lakes.
Arthrospira fusiformis is a planktonic organism
whose cells contain well-discernible aerotopes

Lake Reference

Elmentaita Melack and Kilham (1974)
Nakuru Vareschi et al. (1981)
Bogoria Melack (1976)

Elmentaita Melack (1988)

Nakuru Vareschi (1982)
Elmentaita Tuite (1981)

Nakuru Tuite (2000)

Nakuru Ballot et al. (2004)
Bogoria Harper et al. (2003)
Elmentaita Ballot et al. (2004)
Elmentaita Schagerl and Oduor (2008)
Bogoria Schagerl and Oduor (2008)
Bogoria Krienitz and Kotut (2010)
Nakuru Kaggwa et al. (2012)
Elmentaita Krienitz et al. (2013a)
Nakuru Krienitz et al. (2013a)

Bogoria Krienitz et al. (2016)
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regulating buoyancy in the water column. Coding
genes of the aerotopes were recently elucidated
by Miklaszewska et al. (2012). The
non-heterocytous genus shows screw-like coiled
trichomes which elongate by division (binary fis-
sion) of the cells; multiplication of trichomes
involves transcellular fragmentation of the
filaments (Tomaselli et al. 1981) leading to
break-up of an intercalary, necridic cell. Hence,

apices of a freshly fragmented filament show
remains of the destroyed cell, appearing in the
form of a mucilaginous sheath, whereby the cell
itself is missing. Often, diameters of helices are
narrowed towards the ends. Cross walls in the
filament are clearly visible, with no or slight
constrictions. Cells are cylindrical and shorter
than wide; apical cells are rounded (Figs. 6.2
and 6.3).

Fig. 6.3 Cyanobacteria 1. (a) Scums of Cyanobacteria on the lake shore; (b—d) Arthrospira fusiformis morphotypes;
(b) densely and loosely coiled filaments; (c) detail of loosely coiled filaments; (d) small ecotype found in lakes of
lower salinity such as Oloidien (Kenya) and Arenguade (Ethiopia); (e) a large ciliate with ingested Arthrospira. Scale

bar in pm
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The size and shape of trichomes differ consid-
erably: trichome width (cell diameter) 3—15 pm,
coil diameter 15-60 pm, pitch (distance between
two coils) 0-80 pm. In a thorough sampling
survey (16 months in weekly intervals) of lakes
Bogoria and Nakuru, Kaggwa et al. (2013)
focused on the morphology of Arthrospira and
related it to environmental factors. Pulse-
amplified modulated (PAM) fluorescence
measurements revealed that large and loosely
coiled filaments represent healthy conditions;
this type dominated at elevated levels of soluble
reactive phosphorus (SRP), wind speed (worse
light supply because of increased turbulence),
temperature and conductivity. The opposite was
true for short and small helices. Large narrow-
coiled filaments prevailed under grazing pres-
sure, infections by cyanophages and elevated
nitrate concentrations (Kaggwa et al. 2013). In
lakes with lower salinity such as Lake Oloidien
(Kenya), a small ecotype of Arthrospira was
observed (Krienitz et al. 2013b; Fig. 6.3). The
material from Oloidien exhibited filament
diameters of 4-5 pm and coil diameters of
2040 pm in nature. Under culture conditions,
Arthrospira from Oloidien lost its small size
within 30 days and reached larger dimensions
comparable to those measured in field material
of Lake Bogoria (filament diameter 12—15 pm,
coil diameter 25-40 pum). This ecotype is also
found in the Ethiopian Lake Arenguade (pers.
observation).

The remarkable phenotypic differences of
Arthrospira raised the question of hidden genetic
diversity in this taxon. Phylogenetic analyses of
the internal transcribed spacer (ITS) between 16S
rRNA and 23S rRNA genes, along with partial
sequences of the intergenic spacer (cpcBA-IGS)
of the phycocyanin operon of several phenotypes
isolated from EASL, revealed that they belong to
the same genotype (Dadheech et al. 2010). The
genus Arthrospira is considered to be phylogen-
etically homogeneous. Based on 16S rRNA
sequences, it belongs to one joint lineage
(Nelissen et al. 1994). ITS analyses showed two
clades, each divided in two subclades IA, IB, IIA,
and IIB (Baurain et al. 2002; Scheldeman
et al. 1999). Members of clade I were assigned
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to the planktonic, aerotope-bearing
morphospecies Arthrospira maxima, which
prefers waters of tropical America, whereas
clade II includes mainly strains of A. fusiformis
from tropical Africa and Asia (Dadheech
et al. 2010). These findings confirm the tradi-
tional split-up of the two taxa (Tomaselli 1997)
and investigations based on total DNA restriction
profiles (Viti et al. 1997). Comte et al. (2013)
defined clade III in Arthrospira consisting of
A.  jenneri  Stizenberger ex  Gomont,
A. erdosensis Tian et al. and a strain formerly
designated as Lyngbya laxespiralis Skuja. Future
phylogenetic studies on benthic types of
Arthrospira may reveal more lineages of coiled
filamentous Cyanobacteria placed within or out-
side the Arthrospira clade.

The taxonomy and nomenclature of
Arthrospira fusiformis are highly complicated.
This subject was discussed in detail by Komarek
and Lund (1990) and Vonshak and Tomaselli
(2000). Confusingly, several synonyms are still
in use, most commonly Spirulina platensis and
Arthrospira platensis (Nordstedt) Gomont. The
problems have historical roots: within the genus
Spirulina Turpin ex Gomont, Spirulina jenneri
(Hassal) Kiitzing was described from a European
stagnant water body and Spirulina jenneri
f. platensis Nordstedt as a benthic variety from
a pond in Uruguay (see Gomont 1892).
Stizenberger (1852) established the new genus
Arthrospira; the key characteristic distinguishing
it from Spirulina was visible cross walls: Spiru-
lina was considered to be unicellular, whereas
Arthrospira showed clear septa in the filaments.
Gardner (1917) described Arthrospira maxima
from a saline pond in California. Geitler (1925),
however, merged the two genera under the older
name Spirulina and renamed Spirulina jenneri
f. platensis into Spirulina platensis. In 1936,
Voronichin (1934, cited in Fuzinato et al. 2010)
described Spirulina fusiformis from Tanatar, a
Siberian soda lake. The genera Spirulina and
Arthrospira were re-established again by
Castenholz (1989) and Desikachary (1959).
There are strong arguments for keeping both
genera Arthrospira and Spirulina based on phe-
notypic, genotypic and ecological perspectives.
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Spirulina filaments are considerably smaller than
those of  Arthrospira. Major  diacritic
characteristics of the two genera are summarised
by Anagnostidis and Komarek (1988) and
Vonshak and Tomaselli (2000). Today,
Arthrospira and Spirulina are considered as
members of two different orders: Arthrospira is
a member of the Oscillatoriales, and Spirulina
belongs to Spirulinales (Komarek et al. 2014).

To make it more complicated, there is also a
discrepancy in the typification of Arthrospira.
According to the International Botanical Code
of Nomenclature, the (lecto)type of the genus is
the benthic A. jenneri, whereas according to the
Bacteriological Code, the reference strain is
A. platensis PCC 7345 isolated from a saline
marsh (Vonshak and Tomaselli 2000).

Arthrospira fusiformis (in Africa and Asia)
and A. maxima (in America) were utilised as
food by indigenous human populations (Ciferri
1983). Later, biotechnological applications were
established based on highly productive
Arthrospira strains in mass cultures (Belay
2013; Sili et al. 2012; Vonshak and Richmond
1988). In commercially available Arthrospira
products, the name Spirulina is still
commonly used.

6.4.2 Spirulina subsalsa Oersted ex
Gomont

S. subsalsa is a benthic species like other Spiru-
lina taxa. Spirulina is an abundant member of
cyanobacterial mats in hot springs (Hinddk 2001;
Dadheech et al. 2013, pers. observation) and
found only sporadically in the plankton (Ballot
et al. 2004), which may be due to drifting from
spring rivulets discharging into the lakes.
Morphologically, S. subsalsa is characterised
by fine, more or less long cylindrical filaments
which are 1-2 pm wide and regularly tightly
screw-like coiled; the coils are mostly joined to
each other (Fig. 6.4a). Trichomes lack a mucilag-
inous sheath; the apical cell is rounded. Cross
walls in the filaments are nearly invisible. The
cell content is homogeneous with fine granules,
without aerotopes, living solitary or in thalli of
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very different colours (bright or dirty blue green,
blackish or reddish). Apart from the dominating
taxon S. subsalsa, the tiny S. subtilissima
Kiitzing is also found in EASL (Hindak 2001),
differing by considerably finer filaments (maxi-
mum 1 pm) and wider helices with pitches of
1.5-3.0 pm.

6.4.3 Anabaenopsis and Cyanospira

In EASL, five different species frequently com-
pete against the Arthrospira dominance:
Anabaenopsis  abijatae Kebede et Willén,
A. arnoldii, A. elenkinii Miller, Cyanospira
capsulata Florenzano et al. and C. rippkae
Florenzano et al. (Figs. 6.4 and 6.5). The main
diacritic criterium between Anabaenopsis and
Cyanospira is the apoheterocytic development
of akinetes by the latter taxon, i.e. the ability to
transform all vegetative cells between two
heterocytes into akinetes (Sili et al. 2011). Only
a few molecular criteria are available to differen-
tiate between the two genera (Ballot et al. 2008;
Iteman et al. 2002; Komarek and Mares 2012;
Sili et al. 2011). Other diacritic characteristics of
the species include the shape and size of the
vegetative cells, the presence and shape of
heterocytes and akinetes and the general
organisation of the colonies, along with the pro-
duction of mucilage (Krienitz et al. 2013a). The
filaments of these nostocalean taxa have barrel-
shaped cells forming widely arcuated or
irregularly screw-like spirals united into large
colonies embedded in thick mucilage. The inter-
calary heterocytes develop in pairs. Filaments
disintegrate soon after new formation of
heterocytes, bringing each heterocyte into a ter-
minal position of the filament fragments.
Akinetes are typically established in rows,
which are longer in the genus Cyanospira
containing tens of akinetes. The dense, botryoid
colonies of A. abijatae, originally described from
Lake Abijata (Ethiopia), have a very special
appearance. They might be confused with
Microcystis (see below). Huge mucilaginous
colonies can be established by C. capsulata.
They reach dimensions in the millimetre range,
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Fig. 6.4 Cyanobacteria 2. (a) Spirulina subsalsa; (b) Anabaenopsis abijatae; (¢) Cyanospira rippkae (brownish cells
are akinetes); (d) Synechococcus sp.; (e) Myxobactron sp. (needle-like, small cells) and Synechocystis cf. salina (+
spherical cells); (f) Cyanobacterium minervae; (g) Haloleptolyngbya alcalis. Scale bar in pm

which is too large for ingestion by Lesser
Flamingos.

Species of Anabaenopsis and Cyanospira pre-
fer different salinity ranges (Krienitz
et al. 2013a): the highest salinity between
30 and 40%o supports growth of C. capsulata in

Bogoria. C. rippkae is increasingly observed at a
salinity range between 25 and 35%o in Nakuru.
A. arnoldii and A. abijatae prefer a salinity of
15 and 30%o in Elmentaita and Nakuru, respec-
tively, but disappears when salinity falls below
10%o. A. elenkinii growth is promoted at almost
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Fig. 6.5 Cyanobacteria 3 and diatoms 1. (a) Anabaenopsis arnoldii; (b) Raphidiopsis curvata and Aphanothece
clathrata; (¢) Cyclotella meneghiniana (central area tangentially undulating, two strutted processes visible as dots); (d)
Stephanodiscus sp.; (e) Thalassiosira cf. rudolfii; (f) Thalassiosira faurii; (g) Aulacoseira granulata var. angustissima
morphotype curvata. Scale bar in pm

freshwater conditions in Oloidien, but is Schagerl and Oduor 2008). Interestingly,
displaced by Arthrospira when salinity values A. elenkinii is still able to survive at a salinity
rise above 3%o (Ballot et al. 2008; Krienitz range from 5 to 15%o in Elmentaita and Nakuru,
et al. 2013a, b; Oduor and Schagerl 2007a, b; in contrast to Lake Oloidien.
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6.4.4 Haloleptolyngbya alcalis
Dadheech et al.

This taxon was recently described from Lake
Nakuru (Dadheech et al. 2012, Fig. 6.4g) and
placed in the Leptolyngbyaceae (Komarek
et al. 2014). The thallus is thin, pale to bright
blue. Trichomes are solitary or densely entangled
to form floating mats, tychoplanktonic or
attached to the substrate. Filaments are long,
straight or wavy, with rounded ends,
1.2-1.9 pm wide, and constricted at the cross
walls. A colourless sheath envelops the
trichomes. Cells are cylindrical, elongated or
isodiametric, without aerotopes. This taxon
represents a group of very tiny filamentous
Cyanobacteria that are difficult to identify and
that were formerly assigned to Pseudanabaena
Lauterborn (e.g. Kaggwa et al. 2013); they may
occur in phases of low Arthrospira abun-
dance. Leptolyngbyaceae of the EASL probably
have a higher diversity than previously expected
and may act as an alternative food source for
Lesser Flamingos.

6.4.5 Raphidiopsis curvata Fritsch
et Rich

This nostocacean species occurs in EASL in
phases of low salinity (<3%o). The thin
(1-2 pm), spirally twisted filaments are up to
20 pm long and consist of only few cells
(Fig. 6.5). The cross walls are very difficult to
discern. The terminal cells are hyaline and
pointed. Aerotopes are rarely visibly. Until
now, no heterocytes have been observed.

6.4.6 Microcystis div. spec

The bloom- and scum-forming genus is found
worldwide in inland waters and treated as one of
the main cyanotoxin producers (Codd
et al. 2005). High densities of Microcystis have
been reported from Bogoria, Elmentaita and
Nakuru and related to mass die-offs of Lesser
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Flamingos (Githaiga 2003; Ndetei and
Muhandiki 2005; Stewart et al. 2008). There
are, however, controversies regarding the occur-
rence of this taxon in EASL. As reported by
Wood and Talling (1988), Microcystis is an
important phytoplankton component of East Afri-
can lakes, but restricted to salinities below 3%o.
Kolding (1992) documented Microcystis
aeruginosa as one of the dominant phytoplankton
species in Lake Turkana in the 1980s, which at that
time had a salinity of around 2.5%o. Krienitz and
Kotut (2010) found salinity and alkalinity ranges
in the Kenyan soda lakes Nakuru and Bogoria
from 17-55 and 438-1760 meq L™, respectively.
In a thorough survey with weekly sampling over
18 months, Jirsa et al. (2013) measured 23-96%o
salinity and 270-1560 meq L' alkalinity for
both lakes. Active growth or even blooms of
Microcystis can be ruled out under such saline
alkaline conditions, and reports are probably
due to errors in identification (e.g. confusion
with Anabaenopsis abijatae, see Kotut and
Krienitz 2011). Several detailed studies of the
EASL did not mention Microcystis, e.g. the
work on Lake Nakuru in the 1970s by Vareschi
(1978); studies of Lake Bogoria from
1972-1978 and 2000-2003 by Harper
et al. (2003); and the phytoplankton investiga-
tion of lakes Bogoria, Elmentaita and Nakuru by
Oduor and Schagerl (2007a) and Schagerl and
Oduor (2008) over the period 2003 to 2005 with
3-week sampling intervals. Molecular phyloge-
netic studies on Kenyan soda lakes recovered
eight different phylotypes belonging to the
genera Anabaenopsis (Nostocales), Umezakia
(Nostocales), Arthrospira (Oscillatoriales) and
Chroococcidiopsis (Chroococcales). However,
no single phylotype belonging to the genus
Microcystis  was  recovered (Dadheech
et al. 2009). Microcystis might occur near lake
inflows imported from freshwaters in the catch-
ment area, but stable populations cannot estab-
lish in EASL.

Starting in 2010, some Kenyan soda lakes
have received increased water inflow, resulting
in a drastic increase in water level; the reasons
for this are heavy rainfalls coupled with defores-
tation of the catchment area (see Chap. 1). The
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water level increase is directly related to a dilu-
tion of salts (from salinity of 50%o in 2010 to
below 4%o in January 2015, Krienitz unpubl.
results), which further impacts communities liv-
ing in these ecosystems. Under such unusual
situations, it is possible to observe Microcystis
as ephemeral residents in the plankton of these
lakes. Hecky and Kilham (1973) referred to such
a phenomenon in which single samples contain
atypical species due to unusual, temporary
hydrological conditions.

Interestingly, Hammer et al. (1983) observed
Microcystis aeruginosa over a wide range of
salinities in Saskatchewan (Canada) lakes up to
about 100%o. These systems are, however,
dominated by sodium, magnesium and sulfate
(Hammer 1978); in contrast to soda lakes, bicar-
bonate and carbonate play only a minor role. In
culture experiments focusing on salt tolerance of
Microcystis aeruginosa, Tonk et al. (2007)
reported a collapse of growth if the cultures
were exposed for several weeks to salt
concentrations (NaCl) exceeding 10 mg L™'.
Apparently, M. aeruginosa can cope with highest
sulfate concentrations (salinity of 100%o), is
more sensitive against chloride (10%o), and
restricted to carbonate systems lower than 3%o.
This statement remains to be proved under
defined culture conditions, also in combination
with different pH.

6.4.7 Synechococcus and Synechocystis
Sauvageau

Tiny  solitary or  clustering  coccoid
Cyanobacteria in EASL plankton (Fig. 6.4)
were  summarised under the  names
Synechococcus sp. and Synechocystis sp. (Ballot
et al. 2004; Schagerl and Oduor 2008) or
identified in Lake Sonachi as Synechococcus
bacillaris Butcher (current name, Cyanobium
bacillare (Butcher) Komarek, Kopecky et
Cepak) and Synechocystis aquatilis Sauvageau
(Melack et al. 1982). Synechococcus exhibits a

rod-like cell shape measuring
1.0-3.0 x 0.5-1.5 pm; these cells are often
arranged in short filaments. Synechocystis
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produces more or less spherical cells that are
1-3 pm in diameter. Both types propagate by
binary fission. The taxonomy of these genera is
highly complicated and far from clearly resolved.
Molecular studies revealed that Synechocystis
and Synechococcus phenotypes evolved in sev-
eral different phylogenetic lines (Castenholz
2001; Korelusova et al. 2009; Choi and Noh
2009; Komarek 2010; Dvorak et al. 2014). We
cannot provide a clear view of the actual taxo-
nomic  position of  Symechocystis  and
Synechococcus originating from EASL, because
further studies are needed to resolve this ques-
tion. A 16S rRNA clone library established from
Lake Elmentaita revealed a wide diversity of
cyanobacterial lineages living in mud, sediment
and water (Kachiuru 2009).

In the hot springs located at the shoreline of
Lake Bogoria, the following species were
detected by microscope: Synechocystis salina
Wislouch, Synechococcus sigmoideus (Moore et
Carter) Komarek and S. bigranulatus Skuja
(Hindak 2001; Krienitz et al. 2003). Sequencing
of field samples yielded Synechococcus lineages
that do not resemble to any currently described
clade (Dadheech et al. 2013). Hence, the species
delineation discussed above needs to be proved.

6.4.8 Other Coccoid Cyanobacteria

Cyanobacterium minervae (Copeland) Komarek,
Kopecky and Cepak established dense
populations in the northern part of Lake Natron
where the lake water covers several hot springs.
Cells of this taxon occur solitary or in short
pseudofilaments (Fig. 6.4f) and are 5-9 X
3—4 pm in size; their chromoplasma is striated
(pers. observation).

In Lake Magadi, an interesting plankton com-
munity dominated by three coccoid taxa was
observed in January 2010 at a salinity of 80%o
(pers. observation, Fig. 6.4): Aphanothece Nigeli
sp. with cylindrical cells, rounded ends, cells
6—14 x 3-5 pm with mucilaginous cover, soli-
tary or with few cells arranged in
pseudofilaments, never in large colonies.
Synechocystis cf. salina with spherical to
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elongated cells, 5-6 pm wide, after division live
as two closely adjoining, hemispherical cells.
Myxobaktron Schmidle sp. has fusiform cells,
tapered or rounded ends, 1540 x 2-3 pm, soli-
tary or, after division, in short filaments, cell
content hyaline, containing small droplets but
no aerotopes (Fig. 6.4e). Type material of
M. salinum Walsby et Hinddk was discovered
in Solar Lake at Sinai (Hindak 1992; Walsby
et al. 1983) and showed broader cells (up to
6-8 pm) and clearly visible aerotopes. Further,
Euhalothece sp. was isolated from Lake Magadi
and the provisional name Euhalothece
natronophila Garcia-Pichel given (Mikhodyuk
et al. 2008).

Aphanothece clathrata W. et G.S. West
(Fig. 6.5b) was observed in EASL at low salinity
(<2%o).

6.4.9 Possible Poisoning of Lesser
Flamingos Induced by
Cyanobacteria

Since the mid-1990s, an increased mortality of
Lesser Flamingos has been observed at the
EASL. In 1993, 1995, 1999, 2001, 2006 and
2008, mass mortality involving more than
10,000 birds in each episode were reported
(Ndetei and Muhandiki 2005). The causes of
these die-offs are far from being completely
understood but appear to be related to habitat
degradation (see Chaps. 10 and 13). A combina-
tion of factors such as infectious diseases (Kock
et al. 1999; Sileo et al. 1979) and poisoning by
pesticides and heavy metals (Greichus
et al. 1978; Kairu 1996) are subjects of ongoing
speculation. The die-offs could also be linked to
changes in food quantity (Sileo et al. 1979; Ton
2007) and quality (Motelin et al. 2000; Ndetei
and Muhandiki 2005), although Kaggwa
et al. (2013) found no relation between mass
mortality and food quality of Lesser Flamingos.
Malnutrition resulting from a decline in the
Arthrospira food concentration is thought to
have caused the birds to suffer immunodefi-
ciency, leading to infection by microbacteriosis
(Sileo et al. 1979).
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According to literature surveys, almost all of
the main Cyanobacteria inhabiting the lakes have
the potential to produce toxins (Carmichael
et al. 2001; Codd et al. 2005). The flamingos
are also confronted with toxic Cyanobacteria,
which occasionally become dominant and dis-
place the previously healthy and nutritious
populations of Arthrospira (Ballot et al. 2004;
Codd et al. 2003; Koenig 2006; Kotut
et al. 2006). Although several studies have
revealed the high nutritional and pharmaceutical
value as well as the non-toxic nature of this
cyanobacterium (Belay et al. 1993; Ciferri
1983; Fox 1996), a few reports have commented
on its potential toxicity. Iwasa et al. (2002)
reported on the hepatotoxic symptoms of a
patient after treatment with Arthrospira-based
tablets. Recently, neurotoxic effects of beta-N-
methylamino-L-alanin (BMAA) from
Arthrospira-based dietary supplements or
pharmaceuticals were reported (Mazokopakis
et al. 2008; Papapetropoulos 2007). Out of a
total of 40 Arthrospira strains isolated from
Kenyan waters, two potentially toxic strains
containing low concentrations of microcystins
and anatoxin-a have been identified (Ballot
et al. 2004, 2005). Nonetheless, a survey of
three other Arthrospira strains (two from a sew-
age pond in Mozambique, one from Lake
Nakuru, Kenya) did not reveal toxicity under
test conditions (Mussagy et al. 2006). Mouse
bioassays using crude extracts of monospecific
Arthrospira blooms from the soda lake Big
Momela (Tanzania) revealed the potential toxic-
ity of these natural cyanobacterial populations to
Lesser Flamingos (Lugomela et al. 2006). Fur-
ther evidence pointing to the potential exposure
of flamingos to cyanotoxins was provided by the
detection of aminotransferase domains for
cyanotoxin production in sediments of the
EASL (Dadheech et al. 2009). Metcalf
et al. (2006, 2013) detected microcystins and
anatoxin-a as well as BMAA in extracts of
feathers of Lesser Flamingos. The authors
hypothesised that under natural conditions the
toxins are sequestered in the feathers. Due to
the growing environmental stress, however, the
sequestration mechanism in the weakened
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flamingos may not be effective enough to protect
the birds against cyanotoxicosis.

There are also contrary results in which no
cyanotoxins were detected even during sudden
deaths of flamingos: Straubinger-Gansberger
et al. (2014) screened plankton samples of
lakes Nakuru and Bogoria in weekly intervals
for cyanotoxins, and although three smaller
die-offs were recognised in this period, no toxins
could be detected, even by applying different
methods. Also, the tissues of 20 flamingo
carcasses yielded no cyanotoxins. All these
findings (see Chaps. 10 and 13) underline the
urgent need for further studies to clarify the
contribution of toxic Cyanobacteria to flamingo
die-offs in the EASL.

6.5 Diatoms
Diatoms were investigated thoroughly in the
EASL during the 1960s-1980s (Gasse
et al. 1983; Gasse 1986; Hecky and Kilham
1973). Diatoms are used as bioindicators of
environmental conditions; this feature is also
applied in paleaolimnology and paleoclimate
reconstructions (Lamb  2001; Verschuren
et al. 1999) and provides insights into historic
lake basins (Richardson and Richardson 1972;
Roubeix et al. 2014). Especially at low biomass
of planktonic Cyanobacteria, benthic diatoms
might become important in the food webs of
soda lakes (Tuite 1981), but the net primary
productivity of benthic diatoms in EASL is usu-
ally one to two orders of magnitude less than that
of Arthrospira, and the carrying capacity of the
habitat with diatoms is lower in the same order
(Tuite 2000). Lesser Flamingos also consume
benthic diatoms in the case of low Arthrospira
availability (Kummsa and Bekele 2014).
Salinity considerably influences diatom abun-
dance (Gasse et al. 1983; Hecky and Kilham
1973). In their survey of Kenyan and Tanzanian
soda lakes, Hecky and Kilham (1973) found only
six diatom species predominating. Nitzschia
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frustulum and Anomoeoneis sphaerophora were
dominant in most benthic samples; others were
confined to a lower salinity range (Figs. 6.5 and
6.6). Further taxa such as Rhopalodia gibberula
never reached high densities, but occurred in
nearly every lake. Other common benthic
diatoms are Craticula elkab originally described
from Egyptian soda pans, Craticula halophila
(Grunow) Mann and Nitzschia sigma (Kiitzing)
W. Smith (Gasse 1986; Melack 1982, 1988;
Schagerl and Oduor 2008).

Not only benthic, but also planktonic
diatoms—mainly comprising of Centrales—are
found in the EASL. Cyclotella meneghiniana
Kiitzing was observed at lower salinity (Hecky
and Kilham 1973, whereas Thalassiosira rudolfii
(Bachmann) Hasle occurred at intermediate
alkalinities (Hecky and Kilham 1973).
T. rudolfii was described from Lake Turkana
(formerly called Lake Rudolf) and seems to be
restricted to lakes of East and Central Africa such
as the Tanzanian lakes Big Momela and El
Kekhotoito (Hasle 1978) or the Ethiopian lakes
Shala, Metahara and Langano (Kebede and
Willén 1998), the latter being a freshwater lake.
The smaller Thalassiosira faurii (Gasse) Hasle
was originally described from the Afar region
(Hasle 1978) and seems to be restricted to Afri-
can lakes. Although T. faurii is used for
paleoclimate reconstructions, its autecology
is still unresolved: laboratory studies by Roubeix
et al. (2014) showed that net growth stopped at
conductivities beyond 2 mS cm ™', but this spe-
cies is found in the natural habitat also at higher
ion concentrations up to 13.5 mS cm™' (Chalie
and Gasse 2002; Hasle 1978).

6.6 Eustigmatophyceae
Microchloropsis  salina  (Hibberd) Fawley
et al. (syn. Monallantus salina Bourrelly,

Nannochloropsis salina) was found in high abun-
dance in Lake Sonachi (Melack et al. 1982). The
ovoid cells of this picoplanktonic taxon are about
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Fig. 6.6 Diatoms 2. (a) Epithemia cf. sorex; (b, ¢) Epithemia cf. adnata; (b) girdle view; (c¢) valve view; (d)
Rhopalodia cf. gibberula; (e) Anomoeoneis sphaerophora; (f) Craticula halophila. Scale bar in pm

2 x 3 pm. This species is usually treated as a of fatty acids (Mourente et al. 1990). Further-
marine organism and might be interesting for more, Nannochloropsis limnetica Krienitz
industrial exploitation because of its high content et al. was detected in Lake Nakuru in a phase
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of near freshwater conditions (see Chaps. 10
and 13).

6.7 Coccoid Green Algae (Chloro-

and Prasinophytes)

The most common green alga in the soda lakes is
the picoplanktonic prasinophyte Picocystis
salinarum (Fig. 6.7¢). Because of its small size
(2 pm or even less), this organism is hard to
recognise and probably often overlooked; more-
over, identification in field samples is difficult.
Because of its key position as a highly productive
primary producer in food webs of saline habitats,
much more attention should be paid to its distri-
bution, which is probably widespread. Recently,
this alga was found to be abundant in lakes
Bogoria, Magadi and Nakuru (Krienitz and
Kotut 2010; Krienitz et al. 2013a).

The vegetative cells of Picocystis are mostly
spherical, 1.5-2.0 pm in diameter; the two to four
autospore-bearing mother cells do not exceed
2.5 pm. Some of the cells are lobated, their
shape somewhat resembling pine pollen (Lewin
et al. 2000) or the contour of the ‘Mickey Mouse
head’ (Lewin, pers. communication): two lateral
lobes contain the chloroplast and a third central
lobe contains the nucleus. Picocystis is
characterised by an exclusive set of pigments
with an unusual carotenoid pattern (Lewin
et al. 2000; Roesler et al. 2002). Picocystis is
able to outcompete Arthrospira in phases of
high salinity. In Bogoria, first mass
developments of Picocystis were observed in
February 2006, when salinity reached 55%o. In
Lake Nakuru, mass developments were observed
for the first time in late 2009 (Schagerl
et al. 2015) and early 2010 (Krienitz and Kotut
2010) at salinities > 50%o. Arthrospira was
completely suppressed during these periods. For
Lesser Flamingos, the dominance of Picocystis
has fatal consequences. At only about 2 pm in
diameter, the cells are too small to be retained by
the filter lamellae in the bills of these birds (mesh
size about 50 pm).
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In the nanoplankton of the EASL, coccoid
chlorophytes of the families Selenastraceae,
Scenedesmaceae, Oocystaceae and Chlorel-
laceae are known to be ubiquitous (Schagerl
and Oduor 2008; Vareschi 1982). These
chlorophytes probably vegetate at sediment
surfaces in the soda lakes and re-establish
populations under suitable growth conditions.
Other sources of green algae are catchment
areas, from where they are discharged into
the lake.

Ferroni et al. (2007) conducted salinity
experiments with a crescent-shaped strain
(Kirchneriella sp. AW15) isolated from the
freshwater Lake Awasa (Ethiopia). In batch
cultures, the alga was grown under different
NaCl concentrations between 0.4 and 19.4%o.
The strain tolerated high salinity levels without
destruction of the photosynthetic apparatus. The
crescent-shaped morphotype (Fig. 6.7c) is
always present in the soda lakes in phases of
low-performing Arthrospira. This phenotype
harbours several phylotypes assigned to different
genera such as Kirchneriella, Monoraphidium,
Raphidocelis, Selenastrum and Tetranephris.
We assume that members of all these genera are
able to survive in the soda lakes. A clone culture
isolated from the plankton of Lake Nakuru was
assigned to Tetranephris brasiliensis Leite et
Bicudo based on molecular phylogenetic
analyses (Krienitz et al. 2011). The marine spe-
cies Picochlorum atomus (Butcher) Henley
et al. was observed in high abundance in Lake
Sonachi in 1980 (Melack et al. 1982).

Mass development of Atractomorpha
Hoffman sp. was observed in a northern cove
of Lake Magadi in January 2010 (Fig. 6.7d;
pers. observation). Atractomorpha is a rare
member of the green algal order Sphaeropleales
and characterised by fusiform, multinucleate
vegetative cells (Hoffman 1983). The apices of
the cells are needle shaped and elongated; cell
length exceeds 100 pm. Asexual reproduction
takes place via zoospores or aplanospores (not
observed in this sample). Sexual reproduction
involves anisogamy or oogamy; zygotes have a
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Fig. 6.7 The green line. (a) Oocystis sp.; (b) Wislouchiella cf. planctonica; (¢) Raphidocelis sp.; (d) Atractomorpha
sp.; (e) Picocystis salinarum; (f) Masaia oloidia. Scale bar in pm

prominent wall and orange to red content. The
material observed in Lake Magadi was related
to the type species Atractomorpha echinata
Hoffman (known from soil), but no clear desig-
nation to species level was possible because of
missing developmental stages and the different
ecology of A. echinata.

6.8  Phytoflagellates

6.8.1 Chlorophyta

We assume that the diversity of green flagellates
in the EASL is very high in phases of low
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salinity: an 18S rRNA clone library set-up from a
sample collected in Lake Nakuru in a phase in
which the salinity was 9.7%o in November 2011
provided a first insight into the hidden diversity
(Luo et al. 2013). The Ilibrary contained
phylotypes of green flagellates of Gungnir
(a clade near Dunaliella), relatives of
Chlamydomonas and chloroflagellates equipped
with a lorica related to Pteromonas and
Wislouchiella.

6.8.2 Cryptophyta

These small-celled auto- and mixotrophic
flagellates were frequently observed in Lake
Nakuru (Schagerl and Oduor 2008; Vareschi
1982) and provisionally placed in the genera
Cryptomonas or Rhodomonas (Fig. 6.8a). The
closest match of the 18S rRNA gene clone library
from Nakuru collected in November 2011 is
Guillardia theta Hill et Wetherbee, a cryptophyte
known from coastal waters of North America
(Hill and Wetherbee 1990; Luo et al. 2013).

6.8.3 Euglenophyta

This group is usually found in only low abun-
dance (Fig. 6.8f to i). Kaggwa et al. (2013)
reported a mean contribution of 6 % in lakes
Nakuru and Bogoria. Only during conditions of
low Arthrospira biomass might euglenoids reach
larger numbers together with cryptomonads
(Dadheech et al. 2012; Luo et al. 2013).
Euglenoids were also found in Lake Manyara,
Tanzania (Kihwele et al. 2014).

6.8.4 Dinophyta

This group was sporadically detected, but might
have been misinterpreted because dinoflagellates
are most prevalent in marine systems (Fig. 6.8).
In their study of hidden diversity in Lake Nakuru,
Luo et al. (2013) found a small dinoflagellate in
their sample from November 2011 in the 18S
rRNA gene clone library; the closest match was
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the heterotrophic dinoflagellate Cryptoperi-
diniopsis broadyii Steidinger et al., which is
known from estuaries of North America
(Steidinger et al. 2006).

6.9 Seasonal Succession

of Phytoplankton

In temperate systems, seasonal plankton succes-
sion is highly influenced by allochthonous
factors defining mixing and stratification of
water bodies and their consequences (Sommer
et al. 1986, 2012). In lower latitudes, annual
variation of insolation is much less pronounced,
and therefore tropical systems are expected to
show no regular patterns over the year (Lewis
1996; see Chap. 12). Because EASL are special
ecosystems, they host extremophiles, and diver-
sity is thus further reduced. Although the systems
are often treated as Spirulina/Arthrospira lakes,
an increasing number of studies demonstrated the
high instability of the producer populations
(Krienitz and Kotut 2010; Krienitz et al. 2013a;
Oduor and Schagerl 2007a, b; Schagerl and
Oduor 2008; Schagerl et al. 2015; Tuite 1981;
Vareschi 1978). Occasionally, blooms of the
dominant Arthrospira are replaced by coccoid
Cyanobacteria, green algae, heterocytous
Cyanobacteria such as Anabaenopsis, diatoms
and/or cryptomonads-a condition that could last
for several months (Vareschi 1982; Melack
1979b).

Melack (1988) listed eight possible causes of
the abrupt switch from one phytoplankton assem-
blage to another in lakes Elmentaita and Nakuru.
These included changes in salinity, nutrient con-
centration and water level, outcompeting of fila-
mentous Cyanobacteria by coccoid or flagellated
plankton and attacks by cyanophages or autoly-
sis. Peduzzi et al (2014) proved viral infection as
one major cause for Arthrospira crashes
(Fig. 6.9). Schagerl et al. (2015) linked the abi-
otic factors and biotic interactions potentially
influencing the community patterns and
concluded that Arthrospira’s response to rapid
environmental changes is limited. During rapid
changes, Arthrospira is outcompeted by other
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Fig. 6.8 Phytoflagellates. (a) Cryptophyta; (b—e) Dinophyta; (f-i) Euglenophyta; (f) Euglena texta var. salina; (g)
Strombomonas sp.; (h and i) Euglena cf. caudata (elongated cells), Euglena sp. (spherical cells). Scale bar in pm

taxa, resulting in a more diverse phytoplankton
community. Light penetration, consumers of
Arthrospira and cyanophages attacking this
taxon significantly influenced Arthrospira abun-
dance in Lake Nakuru. Nevertheless, the key
factors are still under discussion, and a model
needs to be developed that considers multiple
factors along with possible interactions that
may increase or diminish the effects of one factor

against another (see Chap. 12). Because of high
fluctuations in water level, Lake Nakuru provides
an ideal system for studying community changes
caused by varying ion concentrations. Between
January and October 2009, salinity increased
from around 20%o to more than 60%o, and the
phytoplankton community changed from a dom-
inance of flagellates to Picocystis salinarum and
Haloleptolyngbya alcalis (listed in Kaggwa
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Fig. 6.9 Cyanophage infection of Arthrospira. (a) Healthy cytoplasm; (b) = infected part. GV gas vesicles in
longitudinal and cross section, VLP virus-like particles, CX carboxysome. Scale bar in pm

et al. 2013 as cf. Pseudanabaena acicularis
(Nygaard) Anagnostidis). In November 2010, a
low water level continued to promote high con-
centration of salts (51%o), which facilitated
Picocystis  salinarum dominance (Krienitz
et al. 2012). A contrary situation was recognised
in November 2011, when high water levels after
heavy rains resulted in a salinity decrease down
to 9%o. During this phase, Cyanobacteria were
outcompeted by algae preferring lower salinity.
These algae were probably discharged into the
lake from connected rivers and an outlet of the
Nakuru oxidation sewage treatment plant. Fur-
thermore, the sewage pond hosts an extraordi-
nary high diversity of relatives of the spherical
green alga Chlorella, which could act as inocu-
lum of the lake’s algal flora (Krienitz et al. 2012).
Luo et al. (2013) observed a unique phytoplank-
ton species composition characterised by a high
diversity of monadoid and coccoid green algae.
In the period 2013-2015, the water level
increased again, and the shoreline of Lake
Nakuru was flooded (see also Chaps. 1 and 12).
The lake’s salinity in this time dropped to
extremely low levels between 4.6 and 3.6%o
(pers. observation). In February 2015, no
flamingos were observed at Lake Nakuru due to
lacking food algae. Our personal observations

revealed that other important habitats of Lesser
Flamingos in Kenya also showed considerably
higher water levels accompanied by reduced
salinity and disappearance of main food algae.
At Lake Bogoria (salinity 10-20%o), only a few
thousand flamingos sustained by the reduced
feeding on Anabaenopsis. At Lake Elmentaita
(salinity 3.8-4.6%o0), the numbers of flamingos
dropped below 1000. On this lake, flamingo
numbers already started to drop in 2010, when
the only food resource consisted of pennate
diatoms. At Lake Oloidien, due to massive
growth of Arthrospira, the flamingo numbers
increased between 2006 and 2010 to about
200,000 but dropped to zero by 2015 when food
algal populations collapsed under reduced salin-
ity of 1.0%o. The question remains open how long
the soda lake ecosystems will need to re-establish
the characteristic food web driven by Arthrospira
and its main feeder, the Lesser Flamingo.

6.10 Concluding Remarks

Although some EASL are highly threatened,
only a few are protected by law. As endorheic
systems, they are moreover highly sensitive to
pollution and human impacts. Many of the lakes


http://dx.doi.org/10.1007/978-3-319-28622-8_12

172

experience rapid changes in water level, and the
accompanying shifts in chemistry may in turn
influence the biota. Surprisingly, no regular mon-
itoring system has yet been established along
with accessible databases, which would greatly
assist our understanding of their chemistry, phys-
ics and biology. For most of the EASL, only
snapshot studies have been conducted, providing
merely fragmentary insight into both short- and
long-term changes. How do compartments of the
food web interact? Although EASL are amongst
the most productive systems, almost no informa-
tion exists about interactions between
photoautotrophs and consumers, the microbial
loop or energy fluxes.

The recent insight into hidden diversity
strongly suggests the discovery of new species,
which, however, will require the use of highly
sophisticated molecular tools for confirmation.
This calls for intensified international coopera-
tion. Some species might be interesting for com-
mercial purposes because extremophiles have
developed strategies to survive under harsh
conditions. This monetary interest, however,
can also be a major drawback: some East African
countries might significantly restrict cooperation
in light of potential biopiracy issues. Here, part-
ner countries are requested to pave the way for
basic research—only an intense exchange of
knowledge will enable us to answer the many
open questions and ultimately contribute to the
conservation efforts in EASL.
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Abstract

Protozoa, mainly ciliates, have been studied in East African soda lakes
(EASL) since the 1980s. A few studies have noted the presence of
flagellates, including Chlamydomonas, Ceratium and chilomonids.
Amoebae have been even less studied, although Biomyxa and Platamoeba
have been observed. The abundance, biomass and production of ciliates in
the EASL are higher than in tropical freshwater, subtropical and temperate
lakes. This is attributed to the high phytoplankton and bacterial abundance
in these lakes. Accordingly, the ciliate fauna is dominated by herbivorous
and bacterivorous taxa. Estimates of growth rates for ciliates in EASL
range from 0.18 to 4.75 day . High water temperatures allow for these
fast growth rates, which together with high biomass lead to high second-
ary production. Some of this production can reach higher trophic
organisms such as zooplankton and fish, while some is consumed by

predators within the microbial food web.
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7.1 Introduction

Soda lakes are highly alkaline-saline aquatic
ecosystems confined to semiarid and arid areas
worldwide (Antony et al. 2013). They are often
remote from human activity and therefore less
studied than freshwater lakes (Jones and Grant
1999). As a result, they have received limited
scientific investigation (Antony et al. 2013;
Williams 1981). They are even less studied
when areas of research such as the ecology of
free-living protozoa are considered (Finlay
et al. 1987). Nonetheless, some of the best-
studied soda lakes are located in the East African
Rift System (EARS; Fig. 7.1).
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7 The Protozoa of Soda Lakes in East Africa

For a long time, studies of planktonic
communities in tropical lakes rarely included
the protozoa except to mention their presence.
For example, Jenkin (1936) reported finding
ciliates in Lake Elmenteita, while Kilham
(1981) observed Paramecium-like organisms in
unpreserved water samples from Lake Sonachi.
Therefore, data on protozoa in soda lakes are
still fragmentary. Despite the few studies,
accumulating empirical evidence suggests that
protozoa, or at least ciliates, may be extremely
abundant and diverse in soda lakes (Finlay
et al. 1987; Lanzén et al. 2013; Yasindi
et al. 2002, 2007).

Studies from temperate freshwater lakes
(e.g. Esteban et al. 2012; Taylor and Heynen
1987) and the sea (e.g. Gifford 1991; Worden
et al. 2015) emphasize the importance of
protozoa in the functioning of aquatic systems.
Protozoa feed predominantly on pico- and
nanoplankton organisms (Xu and Cronberg
2010), and they, in turn, are consumed by
metazooplankton (Xu and Cronberg 2010;
Wickham and Gilbert 1993), by fish larvae and
as well by some adult fish (Jack and Gilbert
1997; Lair et al. 1994; Mageed et al. 2002).
Therefore, protozoa and other microplanktonic
organisms are commonly implicated as trophic
links between picoplankton organisms and
metazoan consumers (Gifford 1991; Xu and
Cronberg 2010). Because some protozoan prey,
mainly bacteria, other pico- and nanoplanktonic
organisms and even viruses (Hennemuth
et al. 2008) are too small to be effectively grazed
by metazoa, protozoa repackage these organisms
into protozoan biomass, which is large enough to
be effectively consumed by larger organisms
(Adrian and Frost 1993; Gifford 1991; Weisse
and Miiller 1998). Protozoa also recycle nutrients
for phytoplankton in aquatic systems (Guildford
and Taylor 2011), and some contribute directly
to primary production via phototrophic
endosymbionts (Esteban et al. 2010; Finlay
et al. 1988; Sanders 1991). These diverse and
ecologically important functions of protozoa
that have been demonstrated in marine and tem-
perate freshwaters are still unclear in tropical
lakes in general and soda lakes in particular.
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The purpose of the following review is to take
stock of protozoan ecology in East African soda
lakes (EASL). These lakes are among the most
productive aquatic systems in the world (Antony
et al. 2013; Melack 1981; Talling et al. 1973;
Vareschi et al. 1981) and exhibit simple food
webs (Vareschi and Jacobs 1985) that include
extremely productive microbial populations
(Finlay et al. 1987; Kilham 1981; Lanzén
et al. 2013; Yasindi et al. 2002). Our review is
biased towards ciliates because these protozoans
are the most studied in EASL (Fig. 7.2). We will,
however, include the sparse information avail-
able on amoeboid and flagellated protists.

7.2 Composition of Protozoan

Communities in Soda Lakes

The composition of protozoa in soda lakes is
variable both within and among lakes. Although
most taxa encountered are similar to ones
described from freshwater habitats (Table 7.1), a
few are unique. Due to the high salinity of soda
lakes, they are thought to support only species
adapted to these conditions (Colburn 1988; Finlay
et al. 1987), so we expect species from soda lakes
to be unique. Nonetheless, we are unaware of
studies attempting to determine whether species
from soda lakes can be reared in freshwater and
vice versa. The high abundance and biomass
exhibited by ciliates (Yasindi et al. 2002) in
these lakes show that some are well adapted to
these hostile environments. Their normal size and
shape, their ability to divide and conjugate and
their normal contractile vacuole activity as
observed in Cyclidium and Prorodon (Finlay
et al. 1987) support this. The contractile vacuoles
of ciliates in soda lakes may expel sodium,
enabling them to survive in lakes of high salt
concentration (Hampton and Schwartz 1976).
Yasindi et al. (2002) recorded 33 species
of ciliates in Lake Nakuru, while Yasindi
et al. (2007) identified 49 species belonging to
14 orders in 17 East African lakes of salinity rang-
ing from freshwater to saline (soda) conditions. Of
the 14 orders, ciliates of Scuticociliatida and
Oligotrichida were the most abundant, with the
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Fig. 7.2 Protists from Kenyan soda lakes. (a) Condylostoma
elephantinus, (b) Holophrya sp., (c) Frontonia sp.,
(d) carnivorous Sphaerophrya sp. dividing (centre) while
feeding on two Euplotes ciliates at top and bottom attached

contribution of the former increasing with trophy
and salinity and the latter decreasing. In contrast
to observations in subtropical lakes, where
scuticociliates and haptorids co-dominate eutro-
phic freshwater lakes (Beaver and Crisman
1982), haptorids are generally a small component
of the fauna in eutrophic EASL (Yasindi
etal. 2007). The haptorids Askenasia (Blochmann)
and Mesodinium (Stein), which are common in
temperate lakes (Pace et al. 1990; Sonntag
et al. 2011; Taylor and Heynen 1987), have not

5

S5 e 1o f

to the tentacles, (e) Acineria containing ingested flagellates,
(f) Frontonia sp. with an ingested Arthrospira fusiformis.
Scale bar refers to size in pm

been found in EASL, although they are thought to
be widely distributed (Laybourn-Parry 1992). The
low abundance and diversity of haptorids probably
reflect a low abundance of flagellates on which
many small haptorids feed (Stensdotter-Blomberg
1998; Yasindi et al. 2007). The large haptorid
Dileptus (Dujardin), which consumes other ciliates
and rotifers, contributes significantly to the ciliate
biomass of Lake Bogoria (Ong’ondo et al. 2013).
This suggests that bacterivorous flagellates play a
lesser role in East African soda lakes than in
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Table 7.1 Some common ciliated protozoa and their sizes (volumes) in East African soda lakes (from Yasindi 2001)

Order Genus Volume (pmS)
Oligotrichida Strobilidium 2.59 x 10° + 1.38 x 10°
Halteria 2.62 x 10 £+ 1.56 x 10°
Scuticociliatida Cyclidium spp. 3.40 x 10° £ 2.28 x 10°
Pleuronema 1.35 x 10* + 1.02 x 10°
Cristigera 232 x 10° £2.9 x 10°
Cinetochilum 3.18 x 10°
Uronema 439 x 10°
Peritrichida Vorticella 1 1.47 x 10*
Vorticella 2 3.16 x 10° + 1.35 x 10°
Heterotrichida Linostoma 2.87 x 10° £+ 2.24 x 10°
Spirostomum 3.25 x 10° £ 7.27 x 10*
Stentor 2.13 x 10° £+ 5.01 x 10*
Stichotrichida Stichotricha 1.26 x 10* £ 1.8 x 10°
Stylonychia 7.56 x 10°
Uroleptus 6.72 x 10° £+ 1.36 x 10°
Haptorida Phialina 1 1.76 x 10* + 6.76 x 10°
Phialina 2 2.09 x 10° £ 1.7 x 10°
Dileptus 6.14 x 10* + 4 x 10°
Paradileptus 4.12 x 10° + 2.08 x 10°
Monodinium 1.45 x 10* + 7.83 x 10°
Lagynophrya 1.05 x 10* + 1.17 x 10°
Spathidium 2.8 x 10*
Trachelius 42 x 10*
Prostomatida Holophryax 1.32 x 10° + 4.74 x 10*
Urotricha 9.60 x 10* + 5.24 x 10°
Metacystis 7.78 x 10* £ 3.33 x 10*
Pleurostomatida Acineria 1.15 x 10* + 6.45 x 10°
Litonotus 1.38 x 10* + 8.93 x 10°
Hypotrichida Aspidisca 3.08 x 10° £ 8.59 x 10?
Euplotes 2.58 x 10* + 1.98 x 10*
Cyrtophorida Dysteria 7.12 x 10> £ 1.13 x 10?
Chlamydodon 9.18 x 10* £+ 4.01 x 10°
Peniculida Frontonia 1.98 x 10° + 1.11 x 10°
Suctoria Sphaerophrya 4.16 x 10° + 1.57 x 10°
Periacineta 1.51 x 10*
Tintinnida Tintinnidium 6.37 x 10 £+ 5.45 x 10°
Armophorida Armophorid 3.55 x 10* + 5.48 x 10°
Metopus 9.09 x 10°
Caenomorpha 2.07 x 10*

Error ranges are standard deviations

temperate freshwater lakes (Zinabu and Taylor
1997). Nonetheless, the role of nanoflagellates
and their predators in African soda lakes deserves
further attention because specialized techniques
suitable to quantify heterotrophic forms have not
been applied.

The occurrence of Halteria in soda lakes
as well as freshwater lakes of East Africa is
consistent with the observation that Halteria
spp. are distributed worldwide across the trophic
spectrum of lakes (Laybourn-Parry 1992; Xu and
Cronberg 2010). In contrast, the oligotrichs
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Strombidium and Strobilidium, which are ubiqui-
tous in freshwater and marine plankton, are not
abundant in EASL (Yasindi et al. 2007). A single
specimen of Strombidium was observed in Lake
Nakuru (Yasindi et al. 2002) although this genus
is present in saline and hypersaline lakes in
Antarctica (Parker et al. 1982).

The peritrich genus Vorticella is widely found
in Kenyan and Ethiopian Rift Valley lakes, includ-
ing lakes Sonachi, Oloidien and Abijata (Yasindi
et al. 2007). Vorticella and other peritrichs are
usually abundant in mesotrophic and eutrophic
lakes (Laybourn-Parry 1992; Xu and Cronberg
2010)  containing  abundant  filamentous
Cyanobacteria or diatoms, to which they are often
attached, and that are rich in Bacteria (Yasindi
et al. 2007). Therefore, soda lakes with high bac-
terial and cyanobacterial abundance may be suit-
able habitats for Vorticella. Cyclidium is
particularly abundant in Kenyan soda lakes,
although it is occasionally outnumbered by
other small ciliates in the soda lakes Elmenteita,
Sonachi and Bogoria. In Elmenteita, Cyclidium
was outnumbered by a small cyrtophorid,
Dysteria (Huxley), in 1998 and another
scuticociliate, Pleuronema (Dujardin), in 1999
(Yasindi and Taylor 2006). Cyclidium was abun-
dant in Lake Nakuru (Finlay et al. 1987; Yasindi
et al. 2002) in earlier studies and in 1998, but it
was absent from this lake in 1999, when
Stylonychia was dominant (Yasindi and Taylor
2006). A heterotrich, Linostomella, and a
peniculid, Frontonia, were abundant in the plank-
ton of Lake Sonachi in 1998, but were absent in
1999. Frontonia, usually rare in the plankton of
temperate lakes, was common in EASL (Yasindi
et al. 2007). Linostomella also occurred in the
plankton of another soda lake, Oloidien, where
it contributed significantly to the biomass.
Another heterotrich, Spirostomum, was recorded
in the hypolimnion of Lake Sonachi (Yasindi
et al. 2007), similar to observations in subtropical
lakes (Beaver and Crisman 1989a) and temperate
lakes (Bark 1981). The large heterotrich
Condylostoma was abundant in Lake Nakuru
(Ong’ondo et al. 2013; Yasindi et al. 2002,
2007). The presence of Tintinidium (Kent) in
Lake Elmenteita as well as in freshwater lakes
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Naivasha and Crescent supports the suggestion
that this genus spans the whole salinity spectrum
from freshwater to soda lakes (Yasindi
et al. 2007). It was reported earlier in Lake
Tanganyika (Hecky and Kling 1981) and Lake
Albert (Green 1994).

7.3  Diversity of Protozoa

Data on protozoan diversity in tropical lakes in
general and soda lakes in particular are still frag-
mentary. Finlay et al. (1987) identified 21 ciliate
species on two sampling occasions in Lake
Nakuru in 1985 and 6 species of ciliates in
Lake Simbi on a single sampling occasion in
1984. They also observed two species of
cryptomonad and several colourless bodonid
flagellates in Lake Nakuru. Other protozoa
they observed included a dinoflagellate,
Chlamydomonas sp., a heliozoan and three dif-
ferent naked Amoebae including possibly
Biomyxa and Platamoeba or Vanella. Yasindi
et al. (2002), in their study of ciliates in Lake
Nakuru from June 1993 to January 1994, found
an average Shannon Diversity of 1.31. Diversity
was negatively correlated with conductivity. In
another study, Yasindi (2001) recorded ciliate
diversity ranging from 0.3 to 1.15 with mean of
0.94 in soda lakes Solai, Bogoria, Simbi, Nakuru
and Sonachi. Solai had the lowest species diver-
sity of 0.3, whereas Elmenteita had the highest.
The mean species diversity of 0.94 for soda lakes
was only slightly lower than the mean for fresh-
water lakes (1.05) but might reflect the exclusion
of some species (Vareschi and Jacobs 1985;
Williams et al. 1990). However, the tolerances
for salinity among ciliates inhabiting soda lakes
are not known. A weak negative relationship
between the Shannon Diversity index and trophic
state in East African lakes contradicts the posi-
tive relationship recorded in subtropical (Florida)
lakes (Beaver and Crisman 1989b), where the
highest diversity and number of species were
found in hypereutrophic lakes. Beaver and
Crisman (1989b) attributed the low species
diversity of ciliates in oligotrophic lakes to
reduced phytoplankton abundance and diversity.
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According to Mathes and Arndt (1994), as lake
trophy increases, the role of protozoa as food for
zooplankton also increases, indicating the impor-
tance of the microbial food web in eutrophic and
hypereutrophic systems.

Abundance of Protozoa
in Soda Lakes

7.4

A number of studies have estimated the abun-
dance of ciliated protozoa in EASL (Table 7.2).
In a study that covered 17 East African lakes of
different salinity and trophy, Yasindi and Taylor
(2005) recorded a range in ciliate abundance
from 2 to 1220 ciliates mL~!. In contrast, in
temperate (Quebec) lakes, abundance ranged
from 3.3 to 21.6 ciliates mL ™' (Pace 1986), and
values in subtropical (Florida) lakes ranged from
10.8 to 155.5 ciliates mL ™' (Beaver and Crisman
1982). Yasindi and Taylor (2005) found that
ciliate abundance increased with increasing tro-
phy as occurs in temperate (Pace 1986) and sub-
tropical lakes (Beaver and Crisman 1982) but
also increased with salinity, so that soda lakes
had the highest mean abundance (Fig. 7.3). That
study found that tropical lakes generally have
higher ciliate abundance than either subtropical
or temperate lakes, a phenomenon that was
attributed to higher chl-a concentrations in
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tropical lakes. When regression models
predicting abundance and biomass of ciliates
from chl-a were compared for tropical East Afri-
can lakes, subtropical and temperate lakes
(Fig. 7.4a), the slopes were not significantly dif-
ferent (Yasindi et al. 2007). Therefore, temper-
ate, subtropical and tropical lakes have similar
ciliate abundance and biomass per unit chl-a.
The soda lakes Bogoria, Sonachi and Elmenteita
supported a very high abundance of ciliates,
probably due to high phytoplankton biomass
and bacterial abundances of > 10’ mL ™" (Finlay
et al. 1987; Yasindi et al. 2002). Apparently,
ciliate cell sizes decrease with increase in chl-a
concentration, probably as a response to increas-
ing importance of bacterivory and the generally
smaller size of bacterivores. This is congruent
with the finding that most ciliates in EASL are
bacterivorous (Yasindi and Taylor 2006) and
agrees with the assertion that despite the pres-
ence of some large species, eutrophic soda lakes
have many species which are bacterivores
(Laybourn-Parry 1992). The salinity of EASL is
due to sodium carbonate, which likely affects the
protozoa in them. Ong’ondo et al. (2013)
attributed the smaller biovolume of Frontonia
in Lake Bogoria relative to Nakuru to a differ-
ence in salinity. Similarly, Lake Bogoria had
fewer species or morphospecies (17) compared
to 26 in Lake Nakuru. This could also be due to

Table 7.2 The range, means and standard deviation of abundance and biomass of protozoa in East African soda lakes

Abundance Biomass
Lake Range Mean Range Mean Reference
Ciliates
Nakuru 675,851 Finlay et al. (1987)
Nakuru 1.0 x 10* 1.2 x 108 16.9-5.0 x 10° 1.8 x 10* Yasindi et al. (2002)

—1.4 x 107 + 3.1 x 10° + 7.1 x 10°
Bogoria 14.4-72.6 435 £ 8.2 69.6-369.9 220 £+ 150 Yasindi and Taylor (2005)
Elmenteita  29.4-3575.3 640.3 £ 578 20.9-4520.0 971 £ 763 Yasindi and Taylor (2005)
Oloidien 4.7-8.8 6.9 + 1.2 74.5-54.9 30 + 12.6 Yasindi and Taylor (2005)
Sonachi 57.5-567.5 3779 + 70 347.1-3319.3 1900 + 1344 Yasindi and Taylor (2005)
Simbi 0.1-6.1 29+ 1.2 0.1-36.1 12.0 £ 8.5 Yasindi and Taylor (2005)
Simbi 400 Finlay et al. (1987)
Flagellates
Nakuru 8.4 x 10* Finlay et al. (1987)
Elmenteita 1.0 x 10° Kilham (1981)
Simbi 1.4-75 x 10° Finlay et al. (1987)
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Fig. 7.3 The relationship
between Log ciliate
abundance and Log;o
conductivity in East
African lakes (from
Yasindi and Taylor 2005)

log, , abundance (cells L'1)

the two-fold higher cyanobacterial biovolume in
Lake Bogoria, which reflects lower availability
of edible algae to ciliates. Finlay et al. (1987)
attributed the higher composition and abundance
of ciliated protozoa in Lake Nakuru versus Lake
Simbi to a lesser abundance of flagellates and
Bacteria in the latter.

Although most ciliates in EASL are heterotro-
phic, mostly bacterivorous, there are also many
herbivores and predators (Yasindi and Taylor
2006). Note, however, that most soda lakes had
> 50 % of the total ciliate production from
bacterivorous ciliates (Yasindi and Taylor 2006).
This suggests that ciliate bacterivory is an impor-
tant link between bacterioplankton production
and metazoan zooplankton grazers in EASL. In
all these lakes, herbivorous and bacterivorous
ciliates together accounted for at least 75 % of
the ciliate population production, some of which
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is consumed by metazoan zooplankton (Yasindi
and Taylor 2006) and fish (Milbrink 1977). There-
fore, ciliates may form an important linkage
through which the pico- and nanoplankton
productions from the microbial loop are trans-
ferred to the classic food webs in EASL.

Protozoa other than ciliates have been less
studied in EASL. A few studies, however, indi-
cate that flagellates may be abundant in soda
lakes (Table 7.2).

7.5 Ciliate Sizes in Soda Lakes

The biomass of protozoa is estimated from their
volume, which is often compared among species
of different shapes as equivalent spherical diam-
eter (ESD). In Lake Nakuru, the ESD of ciliates
ranged from 11 to 279 pm, while the mean + SE
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Fig. 7.4 The relationship
between (a) Log ciliate
biomass and Log;o
chlorophyll

a concentration in East
African lakes compared to
subtropical and temperate
lakes, (b) Log ciliate
biomass and Logq
bacterial concentration in
East African lakes (from
Yasindi et al. 2007)

log, ciliate biomass (ug L'1)

for various taxa ranged from 15.1 &+ 0.5 pm to
184.3 £+ 6.7 pm (Yasindi et al. 2002). Ciliates
with ESD of 11-40 pm made up 75.7 % of the
total abundance, while large ciliates with ESD
> 50 pm comprised 7.5 % of abundance
(Fig. 7.5) and included species in the genera
Prorodon, Frontonia and Condylostoma. The
overall mean ESD for ciliates in this soda lake
was 43 £ 2 pm (Yasindi et al. 2002). The mean
ESD of ciliates in EASL of varying salinity and
trophy ranged from 10.3 £ 0.2 to 193 £ 35 pm.
Strobilidium was the smallest ciliate, with a
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mean ESD of 7.1 pm, while Paradileptus
elephantinus was the largest, with an ESD of
227 pm. Ciliate biovolumes ranged from 10* to
10° pm® (Yasindi and Taylor 2005). Ciliates
within the ESD size class 11-20 were the most
abundant in most of the soda lakes (Fig. 7.5).
Ciliates in the > 50 pm ESD size class, though
fewer in abundance, dominated the biomass in
the soda lakes. The 20-30-pm ESD size class
included ciliates in the genera Cyclidium
(Scuticociliatida); Dysteria, Halteria, Aspidisca
and Urotricha and Monodinium (Prostomatida);
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Fig. 7.5 The abundance as
a function of equivalent
spherical diameter (ESD)
of ciliates in Lakes Simbi,
Elmenteita and Bogoria,
Kenya (Yasindi 2001)

Cell abundance [cells mL-1]

Lagynophrya (Haptorida); Stylonychia and
Stichotrichia (Stichotrichida); and Tintinidium
(Tintinida). The > 50-pm ESD size class was
made up of large ciliates in the genera Linostoma
and Spirostomum (Heterotrichida), Holophrya
(Prostomatida), Frontonia (Peniculida) and
Paradileptus  (Haptorida). This size class
dominated the biomass in most lakes.
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7.6 Ciliate Biomass in East African

Soda Lakes

Ciliate biomass is variable within and among
lakes. For example, Finlay et al. (1987) estimated
the biomass of ciliates in Lake Nakuru to be about
0.24 and 1.2 g m > on 30 June 1985 and 5 July
1985, respectively (Table 7.2). In their study,



7 The Protozoa of Soda Lakes in East Africa

Yasindi et al. (2002) found that ciliate biomass in
Lake Nakuru was dominated by large ciliates,
mainly Frontonia and Condylostoma. Cyclidium,
which dominated the abundance, contributed
only 0.84 % of the total biomass.

In East African Rift system lakes of different
salinity, Yasindi and Taylor (2005) found that
biomass increased with trophy and salinity
(Fig. 7.4a). The highest biomass was recorded in
soda lakes Nakuru, Abijata, Bogoria, Elmenteita
and Sonachi, with mean biomasses (+ standard
deviation) of 31 £ 68, 60 + 10.5, 220 £ 150,
971 4+ 763 and 1900 + 1344 pg C L7,
respectively.

While the high biomass in EASL is attributed
to high chl-a (Laybourn-Parry 1992), Bogoria,
Nakuru, Elmenteita and Sonachi also harbour
abundant flamingos and other waterbirds
(Lanzén et al. 2013; Yasindi et al. 2007). The
faeces of these birds likely elevate the bacterial
concentration relative to chl-a (Finlay
et al. 1987). An empirical study of bacterial
abundance in Ethiopian lakes found that the rela-
tionship between bacterial abundance and chl-a
was steeper for soda lakes than for freshwater
ones (Zinabu and Taylor 1997). A particularly
high bacterial abundance in soda lakes may
explain why ciliate biomass is more correlated
with bacterial abundance than with chl-a
(Fig. 7.4 a, b) and why bacterivores are particu-
larly abundant. In general, the EASL are more
variable in their ciliate biomass than subtropical
and temperate lakes, even removing the covaria-
tion between ciliate biomass and chl-a (Yasindi
et al. 2007). The coefficient of determination for
ciliate biomass versus chl-a is 0.95 for temperate
lakes (Pace 1986), whereas in EASL it is 0.29,
reflecting that the latter are much more variable
in terms of their physical, chemical and
biological characteristics. It could also reflect
that fewer samples, and sometimes only single
samples, were used to characterize a lake rather
than means of monthly sampling (Yasindi
et al. 2007).

In general, the biomass range for ciliates from
1.9t0 1900.0 pg C L' is greater than observed in
both temperate lakes (12.3 to 56.3 pg CL™"; Pace
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1986) and subtropical (9.3 to 126.0 pg C L™/
Beaver and Crisman 1982) lakes. As the biomass
increases with increasing salinity and trophy,
soda lakes have the highest ciliate biomass
among the EASL.

Distribution of Protozoa
in Soda Lakes

7.7

Lakes are heterogeneous environments, varying
temporally,  vertically and  horizontally
(Laybourn-Parry et al. 1990b). Such differences
influence variation in the abundance and distribu-
tion of organisms in lakes. Many studies link the
composition and abundance of bacteria (Fortin
et al. 2000; Gustavson et al. 2000), phytoplankton
(Hyenstrand et al. 2000; Saros and Fritz 2000),
zooplankton (Giebelhausen and Lampert 2001;
Hall and Burns 2001; Sommer 1989) and ciliated
protozoa (Krashevska et al. 2014; Pace 1986;
Pace and Orcutt 1981) to physical, chemical and
biological characteristics in temperate lakes.
Studies in temperate waters also attribute sea-
sonal maxima in ciliate abundance and biomass
to the presence of food (Pace and Orcutt 1981),
absence of predators (Colburn 1988; Madoni
1990; Sonntag et al. 2011; Xu and Cronberg
2010) and lack of competition for resources
(Reynolds 1989; Sonntag et al. 2011). Most
authors, however, agree that food quality and
quantity is the most important factor determining
ciliate distribution in aquatic systems (Esteban
et al. 2012; Hwang and Heath 1997; Madoni
1990; Muller et al. 1991; Roberts et al. 2000;
Shukla and Gupta 2001). This conclusion is in
agreement with the higher diversity, abundance
and biomass of ciliates observed in epilimnia
(Fenchel et al. 1990; Roberts et al. 2000; Taylor
and Heynen 1987) and at oxyclines or
chemoclines (Fenchel et al. 1990; Finlay and
Esteban 2009; Madoni 1990; Roberts
et al. 2000) of stratified aquatic systems. It is
also based on observations that ciliate abundance
and biomass increase with increasing trophic sta-
tus of lakes and are significantly correlated to
their food items (Beaver and Crisman 1982,



190

1989b; Pace 1986; Pace and Orcutt
Sonntag et al. 2011; Weisse et al. 2001).

Taylor and Sanders (2010) suggested that most
protozoa can live within a broad range of physical
and chemical conditions, but that temperature,
oxygen, light and environmental contaminants
are among the key factors affecting their distribu-
tion. Light is important in the nutrition of autotro-
phic and mixotrophic protozoa, although UV
light is also detrimental to protozoa (Sommaruga
et al. 1999; Sonntag et al. 2011). There is
accumulating literature with regard to the effects
of environmental contaminants on the distribu-
tion of protozoa in natural water systems (Taylor
and Sanders 2010). The amount and type of
organic pollutants in aquatic habitats may influ-
ence the community structure and biomass of the
inhabiting protozoa (Krashevska et al. 2014).
Thus, various types of protozoans can be used to
classify the environmental state of aquatic
habitats, and some ciliates are regarded as
biological indicators of organic pollution in fresh-
water (Bick 1972; Cairns et al. 1972; Foissner and
Berger 1996; Krashevska et al. 2014).

Oxygen and its influence on protozoa have
been well investigated (e.g. Finlay 1981; Finlay
and Esteban 2009; Wetzel 1983), and these stud-
ies suggest that the occurrence of
microaerophilic ciliates in the plankton is related
to thermal stratification, deoxygenation and
accumulation of reducing compounds in the
hypolimnion and sediment-water interface
(Goulder 1980 and references therein). One
such ciliate is Spirostomum, a large and well-
known microaerophilic ciliate that lives in
low-oxygen conditions in the sediments (Goulder
1971) but sometimes migrates upwards into
oxygenated waters including that of Lake
Sonachi (see next section). It has also been
argued that large ciliates track prey that migrate
upwards during stratification or that they move
away from increasing concentrations of reduced
compounds in the hypolimnion but not necessar-
ily towards an oxygen source (Finlay 1981;
Finlay et al. 1983; Guhl and Finlay 1993). The
migration of these ciliates from the benthos to the
water column of productive lakes is linked to
seasonal changes in oxygen availability (Finlay
1981). Other large ciliates such as Loxodes
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respire anaerobically, utilizing nitrate as the elec-
tron acceptor. Loxodes also aggregate at areas of
low oxygen, which they detect using unique
organelles, the Muller’s vesicles (Fenchel and
Finlay 1991).

According to Fenchel (1969), true anaerobic
ciliates or “sulphide ciliates” live in reducing
sediments and are intolerant of oxygen, lack
mitochondria and cytochrome oxidase, but use
hydrogenosomes (Finlay 1981), microbodies that
reduce pyruvate (Fenchel and Finlay 1991) to
generate energy. Although ciliate predators may
be absent in anaerobic hypolimnia (Guhl and
Finlay 1993), the anaerobic ciliates are always
low in number probably due to limited niches or
fewer food sources provided by anoxic habitats
(Finlay and Esteban 1998; Guhl et al. 1996;
Massana and Pedrds-Alio 1994).

Vertical Distribution of Ciliate
Biomass in East African Soda
Lakes

7.7.1

Vertical zonation of ciliates is commonly
observed in lakes (Fenchel 1969; Gasol
et al. 1992; Massana and Pedrds-Alio 1994;
Miiller et al. 1991; Sonntag et al. 2011) and is
related to stratification of the water column.
Some EARS lakes > 5 m deep stratify verti-
cally: for example, Lakes Sonachi and Simbi
are both volcanic crater lakes and are usually
chemically and thermally stratified (Yasindi
2001). Lake Sonachi was stratified from
September to December 1998 (Fig. 7.6) with
the thermocline and chemocline between 1 and
5 m. Hypolimnetic water samples had no oxygen
(Fig. 7.6c) during September and October and
smelled of hydrogen sulphide. Lake Simbi was
also stratified (Fig. 7.7a, b) during sampling in
October 1999 with the thermocline and
chemocline at 1 m (Fig. 7.7a) and the oxycline
between 5 and 10 m (Fig. 7.7b).

Vertical heterogeneity in the distribution of
ciliate community composition and biomass
was observed in Lakes Sonachi and Simbi
(Yasindi 2001). Lake Sonachi had the highest
ciliate biomass in areal units (6244 mg m_z)
compared to 171 mg m™? in Lake Simbi. In
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Lake Sonachi (and also Lake Oloidien), the bio-
mass was greatest at 1 m, but in Lake Simbi it
was greatest at 5 m (Fig. 7.8).

During stratification in Lake Sonachi, many
ciliate species including Frontonia, Acineria,
Monodinium, Holophrya, Spirostomum and
Metacystis were found in the oxygenated
epilimnetic zone, while Cyclidium, Pleuronema
and Cristigera formed dense populations at the

Oxygen concentration (mg'L_1)

oxycline. A few ciliate species with low abun-
dance occurred in the anoxic hypolimnion. These
included Metacystis, Caenomorpha, an unknown
armophorid and sometimes Cyclidium.

In holomictic lakes (e.g. shallow Lakes
Elmenteita, Nakuru and Solai) and unstratified
deep lakes, ciliate zonation was absent and ciliate
species composition was nearly homogeneous
throughout the water column (Yasindi 2001).
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The ciliate fauna in the epilimnia of stratified
lakes (Sonachi and Simbi) was similar to that in
shallow, holomictic lakes or lakes that experi-
enced daily superficial stratification (Lakes
Elmenteita and Nakuru). Shallow lakes, by virtue
of their mixing, have uniform temperature,
chemical parameters and food throughout the
water column. The high diversity of ciliates in
the epilimnia of stratified lakes has been
attributed to food availability (Beaver and

Mean ciliate abundance (cells‘L‘1)

Crisman 1990; Iriberri et al. 1995; Sonntag
et al. 2011; Witek 1998). However, the high
ciliate biomass at oxyclines (Guhl and Finlay
1993) and chemoclines (Madoni 1990; Roberts
et al. 2000) may be due to the absence of
predators (Bloem and Bir-Gilissen 1989; Guhl
et al. 1996; Zollner et al. 2003) in addition to
increased availability of food, usually Bacteria
(Fenchel et al. 1990). In the EASL, the oxyclines
and chemoclines of stratified lakes had a higher
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Fig. 7.8 The variation of
mean ciliate biomass

(ug C L™ with depth in
Lakes Oloidien, Simbi and
Sonachi (Yasindi 2001)

Depth (m)

biomass but lower diversity of ciliates (Yasindi
2001). A similar observation was made in Lake
Fryxell, Antarctica (Roberts et al. 2000). The
higher biomass of Bacteria at oxyclines and
chemoclines (Roberts et al. 2000) is due to higher
concentrations of inorganic nutrients and DOC,
which diffuse upwards from the monimolimnion
of meromictic lakes (Finlay and Esteban 1998;
Priscu et al. 1989). The Bacteria in these zones
are larger and have higher productivity (Fenchel
et al. 1990). Massana and Pedrds-Alié (1994)
found that anaerobic Bacteria were larger than
aerobic ones in Lake Cisd, Spain. Therefore,
Bacteria and their grazers (heterotrophic
nanoflagellates and ciliates) have biomass max-
ima at oxyclines (Bloem and Bér-Gilissen 1989).

The high density of Bacteria near the oxycline
in Lake Sonachi may have attracted Cyclidium,
Halteria, Aspidisca and Cristigera as the main
bacterivores. Yasindi (2001) found Spirostomum
in the epilimnion during September and October
1998 in Lake Sonachi, when the lake was
stratified. This is because microaerophilic
ciliates such as Spirostomum migrate into the
epilimnion during stratification as discussed
above. Other hypolimnetic ciliates such as
Caenomorpha, an unidentified armophorid and
Metacystis were either microaerophilic or anaer-
obic and tolerated anoxia and reducing
conditions (Fenchel 1969). Similar zonations
were noted in Esthwaite (Bark 1981; Goulder
1974) and Lake Cisd, Spain (Gasol et al. 1992;

0.5
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Massana and  Pedrdés-Alié  1994).  The
hypolimnetic ciliates Spirostomum and Metopus
found in EASL have also been recorded in the
hypolimnia of temperate lakes (Finlay 1981;
Goulder 1971) and subtropical lakes (Beaver
and Crisman 1989a; Goulder 1971). According
to Yasindi (2001) some of these ciliates are con-
fined to the hypolimnion because of their unique
characteristics. For example, pigmented Stentor
are sensitive to strong light when oxygen is avail-
able (Giese 1973) and are usually absent from the
epilimnia of lakes. Metacystis dwells in anoxic
zones, where it feeds on sulfur Bacteria (Curds
1982), and its occurrence and sometimes maxi-
mum abundance are coincident with high hydro-
gen sulphide (Guhl et al. 1996), such as observed
in the hypolimnion of Lake Sonachi (Maclntyre
and Melack 1982; Yasindi 2001).

Lake Simbi usually has a chemocline at 2—6 m
but sometimes at 11-15 m (Melack 1979).
Ochumba and Kibaara (1988) observed a
chemocline at 4 m and an oxycline at 2.8 m.
Yasindi (2001), however, recorded an oxycline
at 5 m (Fig. 7.7b). Melack (1979) recorded high
abundance of the cyanobacterium Arthrospira
fusiformis within 1 m of the surface, but the
biomass declined below 10 m. This agrees with
the observations of Ochumba and Kibaara
(1988), who found most phytoplankton biomass
in the upper 5 m in Lake Simbi. An oxycline near
5 m (Fig. 7.7b) may have accounted for the
ciliate biomass maximum at that depth in Lake
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Simbi. Although Cyclidium and Halteria have
higher biomass at 0.5 m, Cristigera was more
abundant at the oxycline (Fig. 7.6¢).

7.7.2 Temporal Distribution

Stratification and development of anoxia in lakes
may be linked to seasonal changes in weather.
While the strong seasonality in temperate lakes
reflects major changes in temperature and solar
radiation, seasonal changes in tropical systems
are not clearly defined because solar radiation
and temperature are more constant throughout
the year. While ciliate biomass maxima occur
during early spring and late summer in temperate
lakes (Gates 1984; Xu and Cronberg 2010), cili-
ate biomass is highest during the onset of rains in
tropical lakes, when they mix. Wind and
decreased heat input are major determinants of
the mixing cycle in tropical lakes and related to
the seasonal rainfall cycle in East Africa (Talling
and Lamoalle 1998). The rainy season in the
EARS occurs in April to July (long rains) and is
followed by a dry spell in August to September.
The season of short rains follows from October to
November, whereas December to March is a dry
season during which winds from the northeast
cause mixing in Kenyan Rift Valley lakes. The
northerly winds are stronger during the drier
months of December to March, decreasing in
June/July (Vareschi 1982), but the mixing of

Fig. 7.9 Ciliate biomass
(pg C LY sampled at two
depths (0.5 and 1 m) and
averaged in two lakes from
September to December,
1998, and between August
and December, 1999 (from
Yasindi 2001)
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lakes in May to August is due to heavy southeast
trade winds (Beadle 1981; Vareschi 1982).

Seasonal cycles of planktonic ciliates in tem-
perate lakes (Beaver and Crisman 1990; Pace and
Orcutt 1981; Xu and Cronberg 2010) are
attributed mainly to the availability of suitable
food resources (Beaver and Crisman 1989a).
Nonetheless, the seasonal dynamics of plank-
tonic ciliates remain poorly understood in
EARS although tropical lakes are known to
show seasonal as well as diurnal changes
(Hecky and Fee 1981) in phytoplankton (Hart
and Hart 1977; Hecky and Fee 1981; Kebede
and Belay 1994; Talling 1986; Wood and Talling
1988), zooplankton (Martens and Tudorancea
1991; Mavuti 1990; Mengestou and Fernando
1991; Nogrady 1983; Twombly 1983) and
bacterioplankton (Robarts 1988; Zinabu and
Taylor 1989). Only a few studies, such as those
of Barbieri and Orlando (1989), Hecky and Kling
(1981) and Lewis (1985), have shown that abun-
dance and biomass of some ciliates vary season-
ally in tropical lakes. A few data exist for EASL
(Fig. 7.9; see also Yasindi et al. (2002).

7.8 Growth Rates and Productivity

of Ciliated Protozoa

Most studies of protozoan growth rates in the
field have been undertaken in either temperate
lakes (see Jack and Gilbert 1997 for review) or in

500
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marine ecosystems (e.g. Verity 1986). The only
information from EARS lakes is for ciliates
(Yasindi 2001; Yasindi and Taylor 2006). In
these studies, three polyethylene carboys
containing 4 L of whole lake water and three
carboys with same amount of lake water sieved
through a 40-pm-mesh net to remove zooplank-
ton (>40 pm in size) were incubated in situ for
18 h. After the incubations, the rates of change
(C) of ciliate cell populations were calculated as
follows: C = (InN, — Ny)/t, where N, and N, are
the final and initial abundances of ciliate taxa and
t is the time elapsed (Yasindi and Taylor 2006).
EASL where ciliate growth rates were estimated
include Lakes Nakuru (Yasindi et al. 2002) and
Bogoria, FElmenteita, Sonachi and Simbi
(Yasindi and Taylor 2006). The estimated rates
of change for individual ciliate taxa were from
—4.30 day ' to 4.78 day ! in unscreened lake
water (with zooplankton) but from —2.47 day ™"
to 5.57 day ' in water samples where zooplank-
ton had been removed using a 40-um net
(Table 7.3). The growth rates of abundant taxa
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during October 1999 varied from 0.18 day ' for
Pleuronema in Lake Elmenteita to 4.78 day ' for
Cyclidium in Lake Simbi (Table 7.3). Some of
the in situ ciliate growth rate estimates in these
studies are higher than previously reported in
marine (Banse 1982; Montagnes 1996) and tem-
perate freshwaters (e.g. Carrick et al. 1992; Jack
and Gilbert 1997). They are higher than 0.3-2.2
day~! estimated for marine oligotrichs
(Montagnes 1996), —0.2-0.87 day ' in Lake
Sebygird, Denmark (Hansen 2000), and
0.79-0.87 day ' in Storrs Pond, Vermont
(Wickham and Gilbert 1993), and for three
marine ciliates (Strom and Morello 1998). They
are, however, plausible based on the relationship
between cell size and maximum growth rate
given by Fenchel (1969).

Ciliates vary widely in their maximum growth
rates, even among species of the same volume at
the same temperature (Finlay 1977; Taylor and
Shuter 1981; Miller and Geller 1993). Their
growth rates in the field, however, likely depend
on the quality and quantity of food most of the

Table 7.3 Abundance of ciliates in whole lake water at the beginning of the incubation

Lake Date Ciliate Mean counted T'wiw I< 40 pm Predation > 40 pm
Bogoria Sept/99 Dileptus 67 391 2.86* —1.05
Sept/99 Cristigera 67 4.42% 1.23 -3.19
Sept/99 Cyclidium 9800 —1.10 1.85% 2.95
Elmenteita Oct/98 Dysteria 346 —0.84 0.92* 1.76
Oct/98 Cyclidium 79 —1.12 —0.27 0.85*
Oct/98 Aspidisca 214 —4.21 3.27%* 7.48
Nov/98 Halteria 85 —3.47 0.51* 3.98
Nov/98 Dysteria 220 —1.11 1.76* 2.87
Nov/98 Aspidisca 90 —4.30 —2.47 1.83*
Dec/98 Phialina 53 —2.11 —1.39 0.72%
Dec/98 Halteria 85 —0.19 —0.36 —0.17
Dec/98 Dysteria 388 0.23%* —0.35 —0.58
Oct/99 Pleuronema 232 —0.08 0.18* 0.26
Simbi Oct/99 Dysteria 333 2.63* —1.63 —4.26
Oct/99 Cyclidium 667 4.78* 5.57 0.79
Oct/99 Halteria 667 2.90 2.55% —0.35
Sonachi Oct/99 Cyclidium 13,800 2.19% 0.76 —1.43
Oct/99 Aspidisca 1200 1.59%* —0.28 —1.87
Oct/99 Acineria 3333 4.29 4.06* —-0.23
Oct/99 Dysteria 4400 3.48 2.74% —-0.74

I'wiw 18 the exponential rate of increase (day 1 in unscreened whole lake water while r < 40 pm is the exponential rate
of increase in water screened through a 40-pm-mesh net. Only ciliates that had a total count of > 100 in each
experiment were considered. The number of ciliates counted represents the mean of three replicates (Yasindi 2001)
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time (Gifford 1991; Taylor 1978). Yasindi
(2001) was the first to estimate growth rates of
ciliates in tropical waters of Africa. Some taxa
demonstrated high growth rates in some
experiments. Nonetheless, compared to growth
rate estimates in temperate lakes (Carrick
et al. 1992; Hansen 2000; Taylor and Johannsson
1991), subtropical marine systems (Gilron and
Lynn 1989) and Lake Qaroun, Egypt (Mageed
et al. 2002), ciliates in soda lakes actually may be
slow growers when the high ambient
temperatures are taken into account. Yasindi
(2001) concluded that incubations in the carboys
might have underestimated ciliate growth rates in
the soda lakes. Some ciliates may not multiply in
screened lake water (Furnas 1982). It is possible
that removing grazers disrupts the recycling of
nutrients required to sustain growth within a
closed container (Eppley et al. 1971).

Another factor that likely reduces growth
rates in screened treatments is predation. Fewer
ciliates in control treatments with zooplankton
than in screened treatments where crustacean
zooplankton have been removed may be caused
by releasing predatory ciliates from predation by
zooplankton. This hypothesis will be explored in
the next section. Therefore, Yasindi (2001)
attributed instances in which there was no effect
or a negative effect on ciliate abundance of
screening treatments to predation within the cili-
ate community. A similar observation was made
in Lake Qaroun, Egypt, where a higher growth
rate (2.15 dayfl) was recorded in the control
(without zooplankton and fish) than in the pres-
ence of zooplankton (1.18 dayfl) and fish (Mugil
cephalus) 0.63 day ™' (Mageed et al. 2002).

The measured predation rates of zooplankton
> 40 pm on ciliates was up to 0.79 day '
(Yasindi 2001). Most crustacean zooplankton
are omnivorous and feed on both phytoplankton
and microzooplankton (Branstrator et al. 1996),
including ciliates (Gifford 1991). Based on
biochemical composition and size, ciliates are
higher-quality food than phytoplankton to
copepods (Hansen 2000) and other zooplankton
(Jack and Gilbert 1993; Stoecker and Capuzzo
1990). Ciliates have a high fat and protein
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content and are assimilated more efficiently
than phytoplankton (Conover 1982). Ciliates
store energy as glycogen, lipid droplets and poly-
unsaturated fatty acids (Holz and Conner 1987).
Also the C:N ratios of ciliates are about 4.0, close
to pure protein (3.0), compared to the average
ratio of 6.0 for phytoplankton (Banse 1974).
Moreover, copepods select ciliates over phyto-
plankton (Fessenden and Cowles 1994). Burian
et al. (2013) made similar observations; they
found that the rotifers Brachionus dimidiatus
and B. plicatilis preferred ciliates to the more
abundant Cyanobacteria in Lake Nakuru.

Therefore, ciliates probably constitute an
important food item for zooplankton in soda
lakes. Zooplankton predation may be an impor-
tant factor affecting ciliate abundance and the
rate of population increase in these lakes, as
observed in temperate (Jack and Gilbert 1997)
and subtropical lakes (Havens and Beaver 1997).

The first estimates of production by ciliates in
African lakes were based on growth rates in
temperate waters (Yasindi et al. 2002). Later
values based on field estimates of growth rates
used the rates in Yasindi (2001) and Yasindi and
Taylor (2006). This yielded estimates of ciliate
production for EASL that were higher than ear-
lier values for temperate lakes (e.g. Carrick
et al. 1992; Taylor and Johannsson 1991) and
marine environments (Lynn et al. 1991;
Montagnes et al. 1988). The higher production
in EARS lakes may be attributed to high growth
rates resulting from abundant food and high
temperatures (Yasindi et al. 2002). Production
is also a function of biomass. Thus, as in temper-
ate systems, large ciliates had high production
due to their large biomass and despite lower
growth rates (Yasindi and Taylor 2006). Produc-
tion by small-sized (< 10° pm3) bacterivorous
ciliates was low in most of the soda lakes studied
due to their small biomass, despite their high
population growth rates (Yasindi and Taylor
2006). They, however, contributed 95 % of the
total production by ciliates in Lake Nakuru. This
corroborated earlier studies in this lake, where
ingestion rates by bacterivorous ciliates were
relatively high (Finlay et al. 1987).
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7.9  Predaceous Ciliates
In his study on in situ growth rates of ciliates in
EASL, Yasindi (2001) observed negative rates of
population change for ciliates in some > 40-pm-
screened water samples. This negative change in
population growth was attributed to an increase in
predaceous ciliates in the absence of zooplankton
predators. Though predation among ciliates has
been reported in freshwater (Taylor and
Johannsson 1991; Zingel 1999) and marine
systems (Paffenhofer 1998), it has been
overlooked in most plankton studies, mainly
because of lack of information on the feeding
biology of planktonic ciliates (Taylor and
Johannsson 1991). However, it is well studied in
the laboratory in ciliates such as Didinium (Hewett
1988), Favella (Stoecker and Evans 1985) and
Stylonychia (Wiackowski and Staronska 1999).
In some EARS lakes, such as Lake Sonachi,
screening lake water always decreased the popu-
lation growth rate of ciliates (Yasindi 2001). This
observation suggests that predaceous ciliates
may potentially reduce the rate of population
change when they are released from predation
by screening. Yasindi (2001) noted that the
growth rates of predaceous ciliates such as
Phialina tended to be higher in the screened
treatment without zooplankton, while growth
rates of herbivores and bacterivores decreased.
To assess the predatory effect of carnivorous
ciliates on their prey ciliates, the production of
the prey was compared to the observed demands
of their predators. In October 1999, in Lake
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Sonachi, Monodinium preyed on Cyclidium and
Dysteria, which had production of 1.2 x 10® pg
CL "day ' and 1.9 x 10° pg C L' day ',
respectively. Assuming Monodinium was the
only source of mortality and had a growth effi-
ciency of 50 % (Stoecker and Evans 1985), the
production of the two ciliates consumed by
Monodinium would account for the production
of 1.2 x 10® pg L™" day'. The observed growth
rate of Monodinium was 2.45 day ' and its bio-
mass was 1.5 x 10® ug C L' day ', which gave
a potential production of 3.7 x 10® pg CL ™" day ™'
(Table 7.4). The conclusion was that
Monodinium could consume the production of
these two ciliates and effectively control their
populations. Therefore, it was not surprising that
> 40-pm screening enhanced predation of
ciliates in Lake Sonachi (Table 7.3). A similar
scenario was noted in Lake Bogoria, where the
production of Cyclidium and Cristigera was
effectively controlled by the predaceous Dileptus
(Table 7.4). This predation by predaceous ciliates
diminishes the importance of ciliates and the
microbial loop (Sherr et al. 1986) to higher tro-
phic levels. Predaceous ciliates lengthen food
webs and thereby reduce the efficiency of trans-
fer of energy to higher trophic level organisms
such as flamingos, pelicans and fish.

7.10 Food Webs

The role of protozoa in the food webs of EARS
lakes started emerging when Milbrink (1977)

Table 7.4 The biomass, production and growth rates of four ciliates in three different guilds in Lake Sonachi in
October, 1999, and Bogoria in September, 1999 (Yasindi 2001)

Growth rate Biomass Production

Lake—taxon Guild (r day™") (CpgL™ (CpgL~"day™"
Sonachi

Cyclidium Bacterivore 0.757 1.6E + 08 1.2E + 08

Acineria Omnivore 4.291 4.7E + 06 1.9E + 07

Monodinium Carnivore 2.194 1.5E + 08 3.6E + 08

Dysteria Bacterivore 3.479 6.9E + 04 1.9E + 05
Bogoria

Cyclidium Bacterivore 0.749 5.9E + 06 1.1E + 07

Cristigera Bacterivore 1.231 8.7E + 04 1.1E + 05

Dileptus Carnivore 2.860 1.9E + 07 54E + 07
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observed peritrich ciliates in the stomach
contents of the cichlid fish Alcolapia grahami
in Lake Nakuru. Finlay et al. (1987) identified
small  suspension-feeding ciliates, = which
increased with increasing bacterial numbers,
and a variety of ciliates feeding on larger algal
particles and cyanobacterial filaments. They also
recorded some carnivorous ciliates such as
Spathidium, which fed on other protozoa in
Lake Nakuru, and others like Holophrya that
fed on rotifers in Lake Simbi. These studies,
therefore, indicate that protozoa occupy several
different trophic levels in the food webs of
EASL. Since then, other studies have confirmed
these ecological roles (Burian et al. 2013, 2014;
Ong’ondo et al. 2013; Yasindi et al. 2002, 2007;
Yasindi and Taylor 2006). By observing ciliates
using epifluorescent microscopy and quantitative
protargol-stained samples (Montagnes and Lynn
1993), the contents of the food vacuoles of
ciliates in Lake Nakuru were observed (Burian
et al. 2014; Ong’ondo et al. 2013; Yasindi
et al. 2002). They confirmed that several ciliates
including  Cyclidium, Halteria, Dysteria,
Aspidisca and Vorticella ingested bacteria-sized
fluorescently labelled latex beads and were
considered bacterivorous (Yasindi 2001). From
QPS-stained samples, Frontonia were observed
to contain Arthrospira coils and flagellates,
while Prorodon and Chlamydodon contained
flagellates and diatoms and were, therefore,
herbivores. The suctorian ciliate Sphaerophrya
and Frontonia and Condylostoma were observed
feeding on flagellates and other ciliates, while
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Condylostoma also fed on rotifers and their
eggs. These ciliates, together with Didinium,
Monodinium, Dileptus, Paradileptus, Litonotus,
Spathidium and Trachelius among others in
EASL, are predators (Yasindi and Taylor 2006).
Yasindi and Taylor (2006) also observed some
ciliates such as Halteria and Stichotricha with
sequestered chloroplasts or zoochlorellae in their
cytoplasm and classified them as mixotrophic
protozoa. Yasindi and Taylor (2006) estimated
the biomass and percentage contribution of these
feeding guilds to the total ciliate biomass in the
soda lakes (Table 7.5).

Large ciliates (>100 pm in length) such
as Condylostoma and Frontonia feed on both phy-
toplankton and ciliates and are omnivorous.
Animals in aquatic systems require flexible feeding
behaviours (Adrian and Frost 1993), so omnivory
may be advantageous to these ciliates during times
of food limitation as it is to other aquatic animals
and may contribute to the structural stability of
planktonic communities in the soda lakes as in
temperate lakes (Sprules and Bowerman 1988).
As seen from Table 7.5, predaceous ciliates
contributed a lot of biomass and, as discussed
above, they may effectively control other ciliate
populations (Yasindi and Taylor 2006).

These data clearly demonstrate that ciliates in
EASL contribute significantly to secondary pro-
duction. Nonetheless, the pathways of carbon
flow through the ciliate community in these
lakes are complex because they feed at different
trophic levels and are consumed by a host of
predators depending largely on their size.

Table 7.5 The biomass (C pug L") and production (C pg L™' day™") (in brackets) of each feeding guild to the total
ciliate biomass in East African soda lakes (Yasindi 2001; Yasindi and Taylor 2006)

Lake Bacterivores Herbivores Predators Total
Bogoria 18 (34) 1187 (599) 16 (45) 1221 (678)
Nakuru 28 (46) 2(2) 1(D) 31 (49)
Oloidien 13 (11) 4(5) 15 (4) 32 (20)
Elmenteita 509 (230) 8(7) 1630 (403) 2147 (640)
Sonachi 452 (901) 1843 (1081) 117 253) 2412 (2235)
Simbi 7 (20) 0 (0) 23 (16) 31 (36)
Abijata 18 (41) 40 (77) 1() 59 (119)
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7.11  Importance of Protozoa in East

African Soda Lakes

EASL have higher abundance and biomass but a
lower diversity of ciliates than subtropical and
temperate lakes. The higher ciliate abundance
and biomass are mainly attributed to higher
chl-a and bacterial abundance in soda lakes. In
contrast, the low protozoan diversity is likely due
to the unusual chemical composition of the water
and several other unfavourable conditions in soda
lakes. The difference in the concentration of salts
has been shown to cause differences in the size of
ciliates in soda lakes (Ong’ondo et al. 2013).

Most ciliates in EASL are bacterivores and
herbivores; these two trophic groups account
for 75 % of ciliate production (Yasindi and
Taylor 2005). This production supports zoo-
plankton (Finlay et al. 1987; Yasindi and Taylor
2005), which are in turn consumed by fish
(Milbrink 1977) and possibly flamingos.
Protozoa and ciliates in particular form an impor-
tant link through which production from the
microbial loop may be channelled to the classical
food chains in EASL.

7.12 Future Work

Most protozoan work in EASL has involved
pelagic protozoa (Burian et al. 2013; Ong’ondo
et al. 2013; Yasindi et al. 2002; Yasindi and
Taylor 2006), yet those living in and on
sediments remain unknown. The population
dynamics and productivity of these species need
to be explored. Some studies in temperate
aquatic ecosystems have shown reduced
biological diversity in the pelagic zones of
extreme environments such as inland hypersaline
habitats (Galotti et al. 2014). In such hostile
environments, many microorganisms including
ciliates survive in the sediments as inactive
cysts, spores or other dormant stages that wait
for development of favourable growth conditions
(Esteban and Finlay 2003). The dormant stages
are hidden “seed banks” of microbial species in
those environments. Experimental manipulations
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of water and sediment samples have revealed the
role of microbial seed banks as repositories of
microbial diversity in natural environments
(Esteban and Finlay 2003; Finlay et al. 1996).
Microbial seed banks in general and protozoan
seed banks in particular remain unexplored fields
in EASL, and their study may reveal hidden
microbial diversity.

It is now evident that, despite their
hypereutrophic status, EASL also have protozoa
with endosymbiotic algae or chloroplasts
(Yasindi et al. 2002; Yasindi and Taylor 2006).
The significance of phototrophic symbionts to
these species should be studied.

While some data on ciliates in EASL are
accumulating, data on heterotrophic and
mixotrophic flagellates are still fragmentary
(e.g. Finlay et al. 1987), whereas data on
sarcodines are almost totally missing. These two
groups of protozoa definitely need investigations
with a view to understanding their ecological
roles. We need capacity building to increase
expertise in aquatic ecology in this part of the
world where these unique lakes are abundant
and important.
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Seyoum Mengistou

Abstract

Soda lakes are among the world’s most productive natural ecosystems, but
the fauna consists of only a few specialized groups which can attain high
biomass, seasonally or throughout the year. The invertebrate fauna is
generally poor in species diversity. Protozoa are restricted to a few ciliates
dominated by Condylostoma and Frontonia spp. The zooplankton bio-
mass is dominated by a calanoid, Paradiaptomus africanus, with a maxi-
mum value of 1.17 g m* reported in Lake Nakuru, Kenya. Rotifers
dominate in terms of species diversity, with six species/lake being the
highest recorded number at six. Cladocerans are rare and include some
euryhaline forms also common in other Rift Valley lakes, such as Alona
sp., Macrothrix triseralis, Moina and Ceriodaphnia spp. Rotifera are
represented by a few euryhaline and halobiontic species such as
Brachionus dimidiatus, B. plicatilis and Hexarthra jenkinae. At times,
B. dimidiatus can attain extremely high abundances (800 million m ~2).
The major food sources for zooplankton grazers are the large
cyanoprokaryote Arthrospira fusiformis, Bacteria and detritus. Larger
rotifers such as B. plicatilis obtain 48 % of their diet from fragments of
A. fusiformis, whereas the smaller B. dimidiatus remove particles < 2 pm.
Assimilation of this cyanoprokaryote was low. Despite this food con-
straint, secondary production of rotifers can exceed that of calanoids by
a factor of 100x in soda lakes and over 600x in freshwater lakes. The
macroinvertebrate community of soda lakes is dominated by insects of the
order Heteroptera, Family Corixidae (water boatmen), genera Micronecta
and Sigara and Family Notonectidae (backswimmers), genus Anisops.
Other taxa include nematodes, oligochaetes, chironomids (non-biting
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midges), culicine mosquitoes, an anostracan (Branchinella spinosa) and
ostracods (mussel shrimp). The chironomid community consists of
halobiontic forms such as Microchironomus deribae, Kiefferulus
disparilis and Tanytarsus minutipalpis. M. deribae can increase to enor-
mous numbers seasonally and become a nuisance for lakeshore residents
around soda lakes. In Lake Nakuru, Kenya, a high secondary production
of 120 mg dry mass m > day ' was recorded for M. deribae, but this is
lower than the highest secondary production value of 182 mg dry
mass m > day ' for chironomids reported from the saline Australian
Lake Werowrap. Secondary production can be high seasonally in soda
lakes, but the biomass turnover rate (P/B ratio) of zooplankton and
macroinvertebrates is low, probably because of the seasonal food
limitations (e.g. Anisops is predatory on calanoids and fish) or the poor
food quality of detritus and decomposing cyanoprokaryotes in the system.
Soda lakes have simple food chains and are ideal as natural experimental

models to study food web dynamics and energy flow in lakes.

8.1 Soda Lakes in East Africa

Saline lakes are restricted in their global distri-
bution compared with the more common fresh-
water lakes (Hammer 1986). Soda lakes
represent another set of saline lakes. They have
a worldwide distribution but are mainly confined
to (sub)tropical latitudes in continental interiors.
Due to their hostile nature, they are often remote
from the main centres of human activity. This is
perhaps one reason why few studies have been
conducted on these soda lakes.

Saline and soda lakes are more abundant in
the Eastern Rift than in any other African
ecoregion. Streams that feed the lakes flow over
highly alkaline volcanic rocks, bringing Natron
(a naturally occurring salt consisting of sodium
carbonate and sodium bicarbonate) into the
lakes’” waters. Many of these lakes are endorheic,
and high ambient temperature in the Rift Valley
increases the evaporation rate, thereby enhancing
the water’s alkalinity by raising the
concentrations of Na*, HCO;~ and COs*".
Whereas the pH of natural freshwater lakes
often ranges between 6 and 8, that of the soda
lakes ranges from 9 to 12. Many of the soda lakes
fluctuate in size and change in water salinity with

dry and wet periods (Fig. 8.1). Soda lakes vary in
shape from broad, shallow pans to narrow, deep
depressions.

Alkaline-saline lakes, or soda lakes, in tropi-
cal Africa are inhabited by specialized biota that
can tolerate high water temperature (e.g. 40 °C in
Lake Bogoria, Kenya, and even as high as 50 °C
in Lake Natron, Tanzania; Hughes and Hughes
1992), high salinity and low oxygen solubility
(Hecky and Kilham 1973; Talling 1992). Only a
few specialized groups of zooplankton and
macroinvertebrates are able to survive in soda
lakes. Most of these organisms also possess
highly developed strategies of diapause and dis-
persal that enable them to persist in arid
landscapes where scarce aquatic habitats are
hydrologically unstable and of marginal quality.

Due to the presence of high solar radiation,
moderate temperature, unlimited carbon dioxide
reserves in the form of carbonate-bicarbonate
salts and other essential nutrients such as phos-
phate, the East African soda lakes (EASL) have
high rates of photosynthesis (Grant 2006; Melack
and Kilham 1974; Oduor and Schagerl 2007;
Talling et al. 1973). Primary production rates of
>10 g C m *day ' have been recorded, making
these among the most productive aquatic
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Fig. 8.1 Lake Eyasi
(Tanzania) in 2010 almost
completely dried up (photo:
Michael Schagerl)

environments in terms of biomass anywhere in
the world. Indeed, the highest primary productiv-
ity for a natural habitat was earlier recorded from
some of these lakes in Ethiopia (Talling
et al. 1973). This remarkable photoautotrophic
primary production is presumably the driving
force behind all biological processes in what is
essentially a closed environment. Cyanobacteria
(notably Arthrospira) species and heterotrophic
Bacteria are the most abundant primary producers
in these habitats (Grant 2006; Mwatha 1991).
Salinity is variable and high in the soda lakes.
Total salts vary from about 50%o in the northern
lakes (Bogoria, Nakuru, Elmenteita, Sonachi) to
saturation in parts of the Magadi-Natron basin in
the south. The high alkaline and high salt
concentrations of soda lakes seem to be too
extreme for most forms of life to exist, but
these lakes support a diverse group of
microorganisms. These microorganisms, gener-
ally termed extremophiles, are adapted to the
extremes of alkaline pH and high salt concentra-
tion (Grant 2006). In the highly productive soda
lakes, abundant organic matter (Jirsa et al. 2013)
supports a huge assemblage of heterotrophic
Bacteria, probably involved in organic matter
decomposition and nutrient recycling (Grant
2006; Mutanga et al. 2000). In the process of
oxidizing organic matter, these heterotrophic
microbes consume the available oxygen. As a

result, in some of these lakes (e.g. Lake Chitu
and Lake Arenguade, Ethiopia), no measureable
dissolved oxygen is detected in areas deeper than
35 cm and no fish are present.

The dominant cyanoprokaryote Arthrospira
fusiformis has evolutionarily developed a mech-
anism of adaptation to the hyperosmotic environ-
ment in soda lakes (see Schagerl and Burian,
Chap. 12). How have the invertebrates coped
with the same problem? Benthic invertebrates
have several mechanisms to adapt to saline and
alkaline lakes. Larvae have a lime gland to
remove carbonate and bicarbonate ions from the
blood and excrete them (see Schagerl and
Burian, Chap. 12).

With an abundance of food and a paucity of
competitors, soda lake invertebrate populations
grow to astounding densities. It is estimated that
37 million brine flies can be found on one linear
mile of shore at the Great Salt Lake (USA). It is
not unusual to see soda lake shores covered with
immense numbers of corixids on which huge
flocks of birds converge and feast. The uncon-
sumed invertebrate biomass decomposes on the
lake shores, giving off an offensive and obnox-
ious smell to the surrounding area, which
depreciates the aesthetic and recreational value
of soda lakes.

The algal and invertebrate communities of
soda lakes are highly sensitive to environmental
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change, and some taxa can become locally
extirpated following salinity fluctuations well
within known tolerance ranges. Several
observations indicate that soda lake communities
are regulated by a variety of environmental
factors, among which salinity may be important
but not necessarily decisive for survival. Other
factors may include nutrient or food availability,
temporal variation in dissolved oxygen, water-
column transparency and the stability of various
substrata available to benthic organisms
(McClanahan et al. 1996; Melack 1976; Vareschi
and Vareschi 1984).

The main saline or alkaline soda lakes are
Bogoria (42 km?), Nakuru (49 km?), Elmenteita
(19 km?) and Magadi (105 km?) in Kenya;
Natron (900 km?), Manyara (470 km?) and
Eyasi (1050 km?) in Tanzania; and some lakes
in the Ethiopian Rift Valley such as Lakes
Arenguade, Abijata, Shala and Chitu. There are
also other small lakes (<20 km?) on the valley
floor, including Lakes Solai, Sonachi and
Oloidien in Kenya and Lakes Lelu and Momera
in Tanzania. These lakes are salty and some have
high concentrations of fluoride and sodium car-
bonate salts. For a general overview, please refer
to the Appendix.

Fig. 8.2 Lake Abijata
(Ethiopia) in 2011—
receding lake water and
evaporative deposit of
trona (photo: Steve
Omondi)

8.1.1 The Ethiopian Soda Lakes

Many lakes in Ethiopia tend to concentrate salts
due to evaporative concentration, hot springs and
saline intrusions. However, the major lakes that
concentrate carbonate-bicarbonate salts, mainly
of the sodium type, are Arenguade, Abijata,
Shala and Chitu (see Table 8.3). In Lake Abijata,
the lake water has been withdrawn for industrial
extraction of soda ash since 1985 with an annual
production of 8500 tons. Ayenew (2002)
documented that the water level of Lake Abijata
has receded drastically since then, exposing dry
bed of trona and posing a threat to the aquatic and
bird life (Fig. 8.2). Lake Shala, one of the deepest
lakes in Africa (Z,,,x = 266 m), has a rich reserve
of carbonate-bicarbonate salts, despite the inflow
of many small freshwater hot springs from its
caldera rim (Fig. 8.3). Lake Chitu, a small lake
near Lake Shala, has higher salinity and alkalinity
than the other Ethiopian lakes and supports high
populations of heterotrophic Bacteria, Arthrospira
fusiformis and flamingos. The hypersaline lakes in
the Afar Depression close to the Red Sea are brine
solutions of NaCl and other salts such as K, Ca, Mg
and SO,4; they accumulate very little carbonate
salts. The geographical location, salinity and
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Fig. 8.3 Lake Shala
(Ethiopia)—fresh hot
springs flowing into the
lake (photo: Seyoum
Mengistou)

carbonate-bicarbonate concentration of the four
soda lakes in Ethiopia are given in the Appendix.

8.1.2 The Kenyan Soda Lakes

The major soda lakes in Kenya include Bogoria,
Elmenteita, Oloidien (low in salinity with around
4), the well-studied Lake Nakuru and L. Sonachi
and Lake Magadi, where industrial extraction of
trona for the commercial production of soda ash
has been taking place since 1924. The northern
soda lakes include Lakes Logipi, Elmenteita,
Nakuru and Bogoria, and some of which have
lake water temperatures at about 40 °C (Hughes
and Hughes 1992).

Lake Magadi It is at the southern end in the
Kenya Rift Valley, and during the dry season, it
is 80 % covered by trona and is well known for
its wading birds, including flamingos. Lake
Magadi is a saline, alkaline lake, approximately
100 km?® in size. It is an example of a “saline
pan”, with some areas being up to 40 m thick
with salt.

Lake Bogoria This is a moderately sized soda
lake (area 30 km?) with high salinity (conductiv-
ity 40-80 mS cm '), alkalinity (1500 meq L")
and pH 10.3. Hot fumaroles and springs fringe
the lake shore and the deposited soda layers are

evident from a long distance. The lake has a
narrow and extended littoral zone, which is
devoid of vegetation and harbours one of the
largest Lesser Flamingo populations in the Rift
Valley (Mutanga et al. 2000). Lake Bogoria is
rich in concentrated carbonate-bicarbonate mix-
ture, and the Arthrospira that thrives abundantly
is restricted to certain parts of the lake, where
large flocks of the Lesser Flamingo concentrate.
The chironomid Paratendipes sp. dominates the
invertebrate community; sometimes a mass
emergence of Ephydridae can be observed
(Figs. 8.4 and 8.5). Rotifers include Brachionus
dimidiatus (Fig. 8.6), B. plicatilis and Hexarthra
jenkinae (Burian et al. 2013). Ong’Ondo
et al. (2013) also reported many ciliate species
such as Cyclidium, Rimaleptus, Halophyra,
Acineria and Frontonia spp., with the latter
forming the dominant group.

Lake Nakuru It typically covers between 35 km?
and 49 km? but occasionally dries out completely
due to unknown reasons; this endorheic lake with a
mean depth of 2.3 m is small for its large drainage
area of 1760 km” (International Lake Environment
Committee 2001) and as a result has high external
loading of nutrients and sediment. The three major
rivers feeding the lake are Njoro, Makalia and
Nderit, and it also receives water from several
alkaline springs. The lake was voted as a Ramsar
site in 1990. Scientists estimated that the flamingo
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Fig. 8.4 Mass emergence
of Ephydridae at Lake
Bogoria, 2010 (photo:
Michael Schagerl)

Fig. 8.5 Exuviae of
Ephydridae at shore of
Lake Bogoria, 2010 (photo:
Michael Schagerl)

population at Nakuru consumes about 250,000 kg
of algae per hectare of surface area per year (Inter-
national Lake Environment Committee 2001). The
invertebrate community here has been compara-
tively well studied and is discussed under other
sections.

Lake Sonachi It is a small (0.14 km?), shallow
(Zmax 4.25 m in 1993), alkaline-saline crater lake
located 1884 m above sea level in the semiarid

Rift Valley of central Kenya. Its water level is
maintained against a strong moisture deficit by
subsurface flow from nearby Lake Naivasha. The
salt budget of Lake Sonachi is governed by rain-
fall and evaporation at the surface and dissolution
of sedimentary evaporates by percolating ground-
water. As in other African soda lakes, the ionic
composition of lake water is dominated by
sodium and bicarbonate, whereas pH values are
very high (9.0-10.3; Melack 1976). Surface-
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Fig. 8.6 Brachionus
dimidiatus from Lake
Nakuru (photo: Michael
Schagerl)

water conductivity (K,s) since 1929 ranged from
3000to 11,550 pS cm ™', and years with good data
coverage show seasonal fluctuations on the order
of 1000-2000 pS cm ™' (Verschuren et al. 1999).
The lake is rich in planktonic Cyanobacteria
including Arthrospira fusiformis, whereas plank-
tonic diatoms and green algae are scarce.

Lake Oloidien It is less saline and alkaline than
the other Kenyan lakes (conductivity less than
5mS cm™ ') and s situated at the southern tip of
Lake Naivasha, with which it shares euryhaline
zooplankton forms typically found in freshwater
tropical lakes. These include the cyclopoid
Thermocyclops oblongatus, the cladocerans
Ceriodaphnia cornuta and Diaphanosoma
excisum and the rotifers Brachionus angularis
and Hexarthra mira (Uku and Mavuti 1994).
The collected benthic macroinvertebrates
included forms also present in other soda lakes
such as oligochaetes (Tubificidae) and
chironomids (Clark et al. 1989).

8.1.3 Tanzanian Soda Lakes

In the Tanzanian Rift Valley, the largest saline and
soda lakes are Lakes Eyasi, Manyara and Natron,
but many small saline alkaline lakes also exist
(see appendix).

Lake Eyasi It is a seasonal shallow endorheic
soda lake on the floor of the Great Rift Valley at
the base of the Serengeti Plateau in the Crater
Highlands of Tanzania. It is usually dry, but may
occasionally flood up to a depth of 1 m (Hughes
and Hughes 1992). The Sibiti River occasionally
flows into the lake but its waters usually evapo-
rate before reaching the dry lakebed. Even
though permanent springs lie along the
lakeshores, their waters evaporate quickly, leav-
ing huge flakes of salt on the lake shore.

Lake Manyara It is a shallow lake (max depth
3.7 m) in the Natron-Manyara-Balangida branch
of the Great Rift Valley in Tanzania. It was said
by Ernest Hemingway to be the “loveliest [lake]
... in Africa”, with its huge flocks of flamingos
that rely on the abundant Arthrospira and exten-
sive dry out of soda salts during lake recession
(Matagi 2004).

Lake Natron It lies to the north on the border
between Kenya and Tanzania. Seasonal streams
drain into Lake Natron from the Ngorongoro
Highlands south of the lake (Hughes and Hughes
1992). About 28 springs, most of them saline,
also feed into the lake. Despite these inflows,
most of the lake’s water is derived from direct
precipitation. Evaporation exceeds precipitation,
and the maximum depth is only 2 m. A large
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portion of the lake’s bed is covered by a salt crust
that dissolves during the rainy season. Lake
Natron serves as an important breeding site for
the Lesser Flamingo populations that fly over
from other Rift Valley lakes as far away as
Kenya and Ethiopia (Mutanga et al. 2000).
Temperatures in the lake can reach 50 °C and,
depending on rainfall, a pH of 9-10.5 can be
reached (almost as alkaline as ammonia).

8.2 Invertebrate Species
Composition in Ethiopian Soda
Lakes

8.2.1 Zooplankton

Copepods are the dominant zooplankton in soda
lakes. Cladocera are rare and Rotifera are
represented by a few euryhaline salt-tolerant
taxa such as  Brachionus  dimidiatus,
B. plicatilis, B. calyciflorus and B. angularis.

Of the Copepoda, the calanoids are prominent
in soda lakes and sometimes the sole zooplank-
ton in small soda lakes such as Lake Arenguade
in Ethiopia (pers. observation). The species most
often encountered is Lovenula africana
(Paradiaptomus africanus). This large calanoid
(max length 1.48 mm) subsists on the rich
cyanoprokaryote food resource in soda lakes,
especially Arthrospira fusiformis. Fragments of
Arthrospira sp. were often visible in the gut of
this calanoid in Lake Arenguade (Afeworki
Ghebrai, pers. comm.), and other large
protozoans such as the ciliates belonging to
genera Strombidium, Strobilidium and Halteria
were observed to ingest large pieces of this
cyanoprokaryote in East African lakes (Yasindi
and Taylor 2006; see Yasindi and Taylor,
Chap. 7).

Cyclopoids are less represented in soda lakes
and often belong to a few euryhaline genera also
common in freshwater lakes. Mesocyclops has
wide range of tolerance to conductivity up to
5000 pS cm™', whereas Afrocyclops and
Thermocyclops spp. extend to even higher
conductivities close to 10,000 pS cm”!

S. Mengistou

(LaBarbera and Kilham 1974). Mesocyclops has
occasionally been observed in Lake Abijata
along with Afrocyclops gibsoni and Eucyclops
serrulatus. These cyclopoids were present in
low numbers and only at certain times of the
year, especially when the lake became diluted
during the rainy season (June—Sept.). Matagi
(2004) reported two cyclopoids from Lake
Shala—Lytocyclops  gibsoni and  Cyclops
agiloides. Matagi (2004) did not state the source
of the finding, and the present author has doubts
as to the authenticity of the records. The
Lytocyclops ~ gibsoni  probably refers to
Afrocyclops gibsoni, which this author collected
only from Lake Abijata and not Shala. The iden-
tity of the species identified as Cyclops agiloides
remains unclear. Equally, there are no reports of
any cladoceran from Lake Shala, and
Diaphanosoma excisum was never recovered
from this lake, even though it is abundant in
other freshwater lakes in Ethiopia. A copepod
parasite of fish, Argulus africanus, was regularly
observed in the freshwater influx areas of Lake
Shala, where fish are often present (see Fig. 8.3).

Of particular interest was the recording of a
harpacticoid copepod in Lake Shala in 1983
(pers. observation). This harpacticoid (Nitocra
lacustris) was the dominant and sole zooplankton
in the lake during the survey. Tudorancea and
Taylor (2002) also reported recovering this
harpacticoid from the benthos of Lakes Abijata
and Shala.

Cladocera are rare in soda lakes, mainly
because of the high osmotic pressure, which
they cannot withstand. The osmoregulatory
mechanisms that calanoids have evolved to with-
stand the osmotic stress in soda lakes have appar-
ently not been well developed in Cladocera. The
rare species encountered in soda lakes include
the ubiquitous Moina spp., Alona spp. and
Macrothrix triseralis. Moina belli was encoun-
tered only in Lake Shala.

Rotifera are the most diverse zooplankton in
soda lakes. The species most often encountered
are the euryhaline, halophilic forms which can
tolerate high salinity and are represented by
Brachionus species—B. dimidiatus,
B. urceolaris, B. plicatilis, B. angularis and
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B. calyciflorus. Other rotifers encountered
include: Lecane bulla, L. luna and Trichocerca
tetractis in Lake Shala and Hexarthra sp. and
Asplanchna brightwelli in Lake Chitu. Appar-
ently, rotifers in the soda lakes face dual
problems: they have to withstand the high ionic
concentration and imbalance and must also sub-
sist on detrital and bacterial food resources. This
is because the large cyanoprokaryotes in the soda
lakes, such as Arthrospira spp., Anabaenopsis
spp. and Synechococcus spp., cannot be ingested
by the small rotifers. Oocystis, a small
chlorophyte, became the dominant planktonic
algae in the soda Lake Abijata in 1961 (Wood
and Talling 1988). Rotifers can potentially rely
on such small primary producers (besides Bacte-
ria and detritus) whenever they bloom in soda
lakes.

In general, the zooplankton community of
soda lakes is poor and restricted to a few halo-
philic and alkalophilic species, which is also true
for the phytoplankton and  microbial
communities studied in these lakes (e.g. Grant
et al. 1990). The list of the common zooplankton
species encountered in the Ethiopian soda lakes
is presented in Table 8.1.

Table 8.1 List of the zooplankton in Ethiopian soda lakes
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8.2.2 Benthic Invertebrates

The list of benthic invertebrate species
documented from the Ethiopian soda lakes is
presented in Table 8.2; Table 8.3 provides a
summary of invertebrates occurring in the
EASL. The species diversity of benthic
macroinvertebrates in soda lakes is low, with
maximum of 20 taxa, and restricted to a few
specialized taxa that have evolved mechanisms
to tolerate the extreme alkalinity and salinity.
From the limited studies done on the invertebrate
composition and distribution in soda lakes, the
dominant forms are from the Arthropoda, Order
Hemiptera (bugs), the Nematoda (roundworms),
Oligochaeta (aquatic earthworms) and
Chelicerata. Two families are well represented
in the Hemiptera, including the Families
Corixidae (water boatmen) and Notonectidae
(backswimmers). The Diptera are highly
represented by the family Chironomidae, sub-
family Chironominae (non-biting midges),
which can reach enormous densities during
emergence. Harrison (2002) published a detailed
study of the Chironomidae in the soda lakes of
Ethiopia and his records are included
Table 8.2.

in

L. Shala L. Chitu

Strombidium

Afrocyclops gibsoni*

Eucyclops serrulatus®

Nitocra lacustris

Moina belli

Macrothrix triseralis®

Taxon L. Arenguade L. Abijata
Protozoa Strombidium,
Strobilidium

Cyclopoida Mesocyclops sp.*
(Copepoda)
Harpacticoida
(Copepoda)
Calanoida Paradiaptomus Nauplii
(Copepoda) africanus
Cladocera Alona rectangula
Rotifera Brachionus

dimidiatus

B. plicatilis

B. urceolaris
B. angularis

*Also found in other non-soda Ethiopian lakes

Lecane luna B. calyciflorus*
L. bulla B. plicatilis
Trichocerca B. urceolaris
tetractis

Hexarthra sp.*
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Table 8.2 Benthic invertebrate taxa documented from Ethiopian soda lakes

Taxon (common name)

Order Hemiptera (bugs)

Fam. Corixidae (water boatmen)
Micronecta jenkinae +
Sigara hieroglyphica +

Order Hemiptera

Fam. Notonectidae (backswimmers)

Anisops sp.

Class Crustacea

Order Ostracoda (mussel shrimp)
Limnocythere barosi +
Gomphocythere sp.

Darwinula stevensoni
Potamocypris mastigophora

Order Diptera

Fam. Chironomidae (midges)

Subfamily Chironominae
Kiefferulus dispersalis +
Cladotanytarsus pseudomancus
Microchironomus deribae
M. lendlin
Tanytarsus minutipalpis

Chelicerata
Hydracarina sp.

(water mites)

Nematoda
Monohystera
Mesodorylaimus

Oligochaeta (aquatic earthworms)

Tubificidae

L. Arenguade

S. Mengistou
L. Abijata L. Shala L. Chitu
++
++
+
(44,922) ++ (14,836) ++
(40) +
(60) +
+
(27,360) ++ (1) rare +
(281) + (1592) + +
(10,644) (412) + +
++ + +
+ + +
+ +

(10 species) (3 species)

(539) ++ (49) +
(326) ++ (949) +
167) + (1761) ++

Relative occurrence recorded as + = common and ++ = very common

. .. . _2
Numbers in brackets are densities in number m

Nematode worms of the genera Monohystera
and Mesodorylaimus are quite common in soda
lakes, while the Oligochaeta, represented by the
family Tubificidae, can reach high densities in
the lake bottom. Other macroinvertebrates in
soda lakes include the chelicerate Hydracarina
(water mites) and crustaceans belonging to
the class Ostracoda. Members of the genus
Limnocythere can reach extremely high
densities in soda lakes such as Lake Abijata
(~ 45,000 m ).

Eyualem (2002) conducted an exhaustive
study on the nematodes of the Ethiopian Rift
Valley lakes, including the soda lakes Abijata
and Shala. The genus Monhystrella of the family

Nordidae dominated in soda lakes, represented
by about four species—M. parvellus,
M. hoogewejisi, M. jacobsi and M. macrura
(Table 8.4). This is followed by the family
Dorylaimidae with the genera Dorylaimus and
Mesodorylaimus. M. macrospiculum is present
in both soda lakes, whereas the other two species
are lacking from Lake Abijata.

Hughes and Hughes (1992) reported the pres-
ence of the molluscs Bellamya unicolor and
Helicarion ruppellianum in Lake Abijata, which
were not collected from Lakes Shala and Chitu.
Apparently, these molluscs tolerated the lower
salinity of Lake Abijata but not the higher
salinities of Lakes Shala and Chitu.
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Table 8.3 Checklist of invertebrates in East African soda lakes (after various sources); number codes of the lakes are
(1) Arenguade, (2) Abijata, (3) Shala, (4) Chitu, (5) Elmenteita, (6) Nakuru, (7) Bogoria, (8) Sonachi

Group Genus species Lake Code
Protozoa Strombidium sp. 14
Strobilidium  sp. 1
Condylostoma sp. 1,6
Euplotes sp. 6
Pleuronema sp. 6
Lionatus sp. 6
Frontonia sp. 6,7
Copepoda
Calanoida Paradiaptomus africanus 1,6,7
Cyclopoida Mesocyclops sp. 2
Afrocyclops gibsoni 2,3
Eucyclops serrulatus 2
Harpacticoida Nitocra lacustris 3
Cladocera Alona sp. 2,8
Macrothrix triseralis 2
Moina spp. 2,3,6,8
Ceriodaphnia cornuta 12
Diaphanosoma excisum 2,7
Rotifera Brachionus dimidiatus 2,6,8
B. plicatilis 2,4,6
B. urceolaris 2.4
B. angularis 2
Lecane luna 3
L. bulla 3
Trichocerca tetractis 3
Hexarthra jenkinae 4,6
Keratella tropica 6
Filinia longiseta 6
Macroinvertebrates
Order Hemiptera (bugs)
Fam. Corixidae (water boatmen) Micronecta sp. 1,2,6
Fam. Notonectidae (backswimmers) Sigara sp. 1,2,6
Anisops sp. 4
Order Coleoptera (beetles) Dytiscidae 8
Dytiscidae (diving beetles) Hydrophilidae 8
Class Crustacea
Order Anostraca (fairy shrimp) Branchinella spinosa 5
Order Ostracoda (mussel shrimp) Limnocythere barosi 2,3
Gomphocythere sp. 1,3
Darwinula stevensoni 2,3
Potamocypris mastigophora 2

(continued)
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Table 8.3 (continued)

Group Genus species Lake Code
Order Diptera
Fam. Chironomidae (midges)
Subfamily Chironominae Kiefferulus dispersalis 1,2,8
Cladotanytarsus pseudomancus 23,8
Microchironomus deribae 234,68
M. lendlin 2,34,
Tanytarsus minutipalpis 2,3,4,6
Dicrotendipes septemmaculatus 8
Cladotanytarsus pseudomancus 7,8
Paratendipes sp. 7,8
Microtendipes spp. 7.8
Subfamily Orthocladiinae
Smittia spp. 8
Chelicerata Hydracarina sp. (water mites) 2,3
Nematoda
Family Dorylaimidae Dorylaimus generi 3
Mesodorylaimus bainsi 3
M. macrospiculum 2,3
Family Monhysteridae
Monhystrella parvellus 3
M. hoogewejisi 2,3
M. jacobsi 2,3
Family Aphelechoididae M. macrura 3
Family Isolamidae Brenolobrilus graciloides 2,3
Family Rhabdolaimidae Isolaminium africanum 2,3
Rhabdolaimus aequatorialis 3
Oligochaeta (aquatic earthworms) Tubificidae 2,3,6

Table 8.4 List of nematodes recovered from Ethiopian soda lakes (from Eyualem 2002) (Relative occurrence code

same as for Table 8.2)

Taxon Lake Abijata Lake Shala
Family Aphelechoididae
Brenolobrilus graciloides + +
Family Dorylaimidae
Dorylaimus generi +
Mesodorylaimus bainsi +
M. macrospiculum + +
Family Isolamidae
Isolaminium africanum +
Family Nordidae
Monbhystrella parvellus +
M. hoogewejisi + +
M. jacobsi + +
M. macrura +
Family Rhabdolaimidae
Rhabdolaimus aequatorialis +
Total number of species 4 10




8 Invertebrates of East African Soda Lakes

The ostracod taxa in the Ethiopian Rift Valley
appear to show distinct segregation in saline and
nonsaline lakes. Martens (2002) recorded that the
freshwater Lakes Ziway, Langano and Awasa
harboured the new subspecies Limnocythere
thomasi  thomasi  (Ziway), L. thomasi
langanoensis (Langano) and L. thomasi
awasensis (Awasa), while the saline soda lakes
Abijata and Shala harboured the subspecies
Limnocythere borisi  borisi (Abijata) and
L. borisi shalaensis (Shala). Other ostracods
present in the soda lakes were also represented
in the freshwater lakes, such as Potamocypris
mastigophora, Gomphocythere angulata and
Darwinula stevensoni, the latter present almost
in all Ethiopian Rift Valley lakes.

8.3 Invertebrates in Kenyan Soda

Lakes

The main invertebrate taxa recorded from the
Kenyan soda lakes (Table 8.5) closely resemble
those from the Ethiopian soda lakes. Lake
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Nakuru was studied more extensively and more
data are available for this lake (Burian
et al. 2013, 2014; Matagi 2004; Oyoo-Okoth
et al. 2011; Vareschi and Jacobs 1984, 1985).

The most abundant macroinvertebrates in the
Kenyan soda lakes are the chironomids. In Lake
Bogoria, chironomid dipterans have been
recorded by Mutanga et al. (2000). In Lake
Nakuru, Culicinae sp., the chironomid Tanypus,
oligochaetes and Microchironomus deribae form
the dominant species (Vareschi and Jacobs
1985). In Lake Elmenteita the anostracan
Branchinella spinosa and the hemipterans
Micronecta spp. were reported by Vareschi and
Jacobs  (1985). Four heteropterans, one
notonectid and three corixids were identified in
Lake Nakuru.

In Lake Nakuru, unsurprisingly, the same
invertebrate species are present as those recorded
from Ethiopian soda lakes. Two zooplankton
groups, with a total of nine species, were reported
by Matagi (2004) and Oyoo-Okoth et al. (2011).
Rotifers were represented by Brachionus
dimidiatus, B. plicatilis, B. calyciflorus, Keratella

Table 8.5 List of invertebrates reported from Lake Nakuru (Kenya)

Protozoa
Ciliates

Copepoda, Calanoida
Rotifera

Heteroptera
Notonectidae

Corixidae

Chironomidae

Taxon/species
Condylostoma spp.
Euplotes spp.
Pleuronema spp.
Lionatus spp.
Frontonia spp.
Paradiaptomus africanus
Brachionus dimidiatus
B. plicatilis

B. calyciflorus
Keratella tropica
Filinia longiseta
Hexarthra jenkinae
Anisops varia

Micronecta scutellaris

M. jenkinae

Sigara hieroglyphica kilimanjaronis
Microchironomus deribae
Tanytarsus horni (=T. minutipalpis)
Total number of taxa =17
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tropica and Filinia longiseta (Burian et al. 2014),
while ciliates were represented by Condylostoma
spp., Euplotes spp., Lionatus spp. and
Pleuronema spp. (Yasindi and Taylor 2006). In
all the zooplankton samples, B. dimidiatus
dominated, with a peak abundance (80-100,000
%10 individuals m—>) and highest carbon bio-
mass, and constituting about 80 % of the zoo-
plankton samples (Chemoiwa et al. 2014).
Condylostoma spp. dominated among the ciliates,
although the ciliates were overall less abundant
than the rotifers (Burian et al. 2013, 2014).
Macroinvertebrates in Lake Nakuru consist of
three species of water bug (Micronecta jenkinae,
M. scutellaris and Sigara hieroglyphica
kilimanjaronis), which is typical of shallow,
saline lakes and alkaline-saline lakes (Matagi
2004). The zooplankton included a copepod
(Paradiaptomus  africanus), beetle larvae,
ceratopogonids, chironomid larvae
(Microchironomus deribae and Tanytarsus spp.)
and three species of rotifers (Brachionus
dimidiatus, B. plicatilis, Hexarthra jenkinae).

Lake Oloidien The zooplankton of Lake
Oloidien consists of freshwater forms such as
the cladocerans Ceriodaphnia cornuta and
Diaphanosoma excisum and cyclopoid copepods
such as Thermocyclops oblongatus. Rotifera was
dominated by Brachionus angularis and
Hexarthra mira, and the euryhaline forms of
Brachionus (B. dimidiatus and B. plicatilis) are
missing (Uku and Mavuti 1994). The
chironomids, however, are also found in other
soda lakes and include  Chironomus,
Dicrotendipes, Cladotanytarsus and Nilodorus
species. Hemipterans include Notonectidae,
Corixidae, Pleidae, Hebridae and Microvelidae.
Molluscs of the family Physidae dominate the
benthos in Lake Oloidien (Clark et al. 1989).

Lake Sonachi The zooplankton community of
Lake Sonachi has a poor species assemblage
which is similar to other northern Ethiopian and
Kenyan soda lakes. Earlier, De Beauchamp
(1932) recorded the rotifer Brachionus
dimidiatus in 1929, and Beadle (1932)
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encountered the calanoid copepod
Paradiaptomus africanus in 1931, but the zoo-
plankton seems to have disappeared since then.
The nearshore zoobenthos consisted of salt-
tolerant chironomids (Kiefferulus disparilis,
Microtendipes  sp. and  Cladotanytarsus
pseudomancus), with a total density of 13,500
organisms m’> (Clark et al. 1989). Other
invertebrates reported from Lake Sonachi
include coleopterans such as Dytiscidae (diving
beetles) and Hydrophilidae along with
hemipterans such as Notonectidae and Corixidae
(Clark et al. 1989).

Verschuren et al. (1999) conducted a
paleaolimnologial study on fossil invertebrate
communities in Lake Sonachi and reported fresh-
water forms which do not exist in the lake at
present. These included benthic cladoceran
remains of Bosmina longirostris, Euryalona
orientalis, Alona pulchella, Chydorus sphaericus,
C. parvus and Pseudochydorus globosus. Plank-
tonic cladocerans such as Moina micrura and
Alona rectangula and one species of
Orthocladiinae, eight of Chironomini and two of
Tanytarsini ~ chironomids  were  reported
(Verschuren et al. 1999). The authors noted that
the palacofauna was dominated by two anoxia-
tolerant halobiontic species, Kiefferulus disparilis
and Microtendipes sp. Tanytarsus minutipalpis is
also a halobiont but intolerant to anoxia.

The freshwater chironomids recorded with
varying degrees of tolerance to the high salinities

typical of African soda lakes include
Dicrotendipes septemmaculatus,
Cladotanytarsus pseudomancus, Chironomus
formosipennis, C. alluaudi,  Nilodorum

brevipalpis and the Orthocladiinae Smittia
(Verschuren et al. 1999).

Lake Bogoria It had no zooplankton larger than
the size of protozoa and only a single chironomid
species was recorded. The latter was tentatively
designated as Paratendipes sp. and occurred in
high densities throughout the lake, with an enor-
mous wet weight biomass in the order of 3 tons
and a daily emergence of 210 kg for the whole
lake (Harper et al. 2003). This sustained several
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thousand individual avian predators, the most
numerous being swifts and swallows and the
most important for biodiversity conservation
being the Cape Teal and Black-necked Grebe.
Several insects were also recorded from the
shores of Lake Bogoria including Coleoptera,
particularly tenebrionids such as Gonocephalum
spp., Sepidium spp., Vietomorpha spp. and
Rhytinota praelonga, which scavenge noctur-
nally and shelter by day under stones. During
the day, the lake margin was dominated by
Zophosis spp. and the predatory cicindelid
(Tiger Beetle) Lophyra boreodilatata (Horn).
The lake edge scrub supported many
cerambycids (Longhorn Beetles), including the
large prionids Tithoes confinis Castelnau and the
ubiquitous Macrotoma palmata (Fabricius),
which are primary agents in breaking down
dead wood. Tiger Beetles caught in light traps
were Prothyma methneri methneri (Horn),
Cylindera rectangularis (Klug) and Myriochile
vicina pseudovicina (Mandl). In wetter periods,
Scarabaeidae dominated light trap catches, par-
ticularly rutelids and melolonthids. Elaterids
were common, including the 6-7 cm long
Tetralobus spp. (Harper et al. 2003).

Lake Magadi It is located 610 m below sea
level and has an area of 100 km? and a depth
range from 1 to 5 m (Grant et al. 1990). The lake
has no zooplankton or other aquatic invertebrates
and is dominated by heterotrophic Bacteria. The
alkaline lake niche limits diversity in microbial
life due to high pH and high salinity. The large
presence of trona causes the lake water to form a
sodium carbonate brine and an extremely high
fluoride concentration. Nonetheless, this hostile
environment hosts extremophile Bacteria, the
Magadi Tilapia Alcolapia grahami Boulenger
and flamingos, herons, pelicans and spoonbills.
These animals have developed unique physiolog-
ical mechanisms to withstand the extreme salin-
ity, alkalinity and fluoride content.
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8.4 Invertebrates in Tanzanian

Soda Lakes

Less information is available on the invertebrate
fauna of the Tanzanian soda lakes. The inverte-
brate composition of some Tanzanian lakes has
been discussed in relation to lake protection and
conservation (Sarunday 1999). Because many
endangered birds depend on the invertebrates as
a food source, it is argued that conservation of
the larger avifauna must be planned in conjunc-
tion with reducing the threats to the invertebrate
fauna. In Africa as a whole, however, the protec-
tion of invertebrate diversity has been accorded
less status and attention compared with the issue
of fish diversity extinction by Nile Perch
piscivory in Lake Victoria, for example.

8.5 Secondary Production
of Invertebrates in Soda Lakes
8.5.1 Zooplankton Secondary

Production

The only extensive study done on secondary
production rates in soda lakes is the work of
Vareschi and Jacobs (1984, 1985) in Lake
Nakuru, Kenya. They studied production, con-
sumption and energy flow of the dominant con-
sumer organisms in the lake from 1972 to 1976.
In general, Vareschi and Jacobs (1985) estimated
secondary production rates for the zooplankton
from field abundance data and laboratory
experiments on growth and filtration rates. They
did not include detrital food chains in their study,
making it difficult to extrapolate the relative
contribution of energy provided by live algal
food versus the detrital component for the
grazers in the food chain. The major food source
believed to be grazed by zooplankton was the
dominant cyanoprokaryote Arthrospira
fusiformis (therein called Spirulina platensis)
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and an unknown fraction of food contributed by
Bacteria and detritus. Besides the zooplankton,
the other important grazers on Arthrospira were
the Lesser Flamingo (Phoeniconaias minor) and
the cichlid fish Alcolapia grahami. Of the zoo-
plankton, the major grazers on Arthrospira were
the calanoid Paradiaptomus africanus and the
three dominant rotifers—Brachionus dimidiatus,
B. plicatilis and Hexarthra jenkinae.

8.5.1.1 Calanoida: Paradiaptomus
africanus

Laboratory cultures were used to obtain data on
the stage duration and dry mass (DM) of this
large calanoid (Vareschi and Jacobs 1985).
Field data were used to determine the abundance
of each stage. Egg production (adult) was
estimated from the field egg ratio. The daily
production of each stage, nauplii, copepodites
and eggs (adults) was estimated by the discrete-
step method (growth summation method) of
Winberg et al. (1971). Daily secondary produc-
tion of P. africanus was highly variable from
year to year. Total production of all stages
(eggs, nauplii and copepodites) was 80, 55 and
30 mg m “day ' DM during 1972, 1973 and
1974, respectively. This calanoid had a prodi-
gious abundance and very high production in
Lake Nakuru when compared with other
calanoids in large, freshwater Lake Tana
(Wondie and Mengistou 20006).
Thermodiaptomus galebi, the dominant calanoid
in Lake Tana, had a mean daily production of
only 1.04 mg m > day ' DM.

The mean biomass of P. africanus was about
1.81¢g m > DM (Vareschi and Jacobs 1985); this
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high value apparently reflects the lack of compe-
tition by other zooplankton and surplus food
sources in soda lakes, which result in enormous
numbers of the calanoids, even in the presence of
fish predators such as Alcolapia grahami.

Daily biomass turnover rates (P/B ratio) of the
calanoids in Lakes Nakuru and Tana were similar
at about 0.05 dayfl, or 5 % of the biomass turn-
over every day. This indicates that although the
biomass and production of calanoids can be
extremely high in soda lakes, the productivity
or daily biomass turnover rate is not correspond-
ingly high. This could be because of few
predators or higher consumers to remove the
high biomass in soda lakes or because the excess
food does not contribute to biomass production
beyond threshold levels in soda lakes. These are
interesting research questions to follow up.

What does the calanoid Paradiaptomus
africanus feed on? Vareschi and Jacobs (1985)
tackled this question by conducting feeding
(clearance rate) experiments on live Arthrospira
in laboratory cultures and noting the algal mor-
tality with time. They found that consumption
rates were highest for copepodites, followed by
adults and nauplii, and that this calanoid con-
sumed only about 15-25 % of the net primary
production, the rest being consumed by the
Lesser Flamingo and fish. This food source is
probably insufficient to support such high
calanoid production, and the copepods appar-
ently supplement their additional energy needs
with live Bacteria and detritus. Literature data on
calanoid secondary production from different
types of aquatic ecosystems were compiled
(Table 8.6), with an effort to show the

Table 8.6 Biomass (B), daily production (P) and daily P/B ratio of selected calanoids from different tropical aquatic

ecosystems (sources included)

Lake/country Calanoid species B (mg )
Nakuru/Kenya Paradiaptomus 1165
africanus
Tana/Ethiopia Thermodiaptomus 21
galebi

Brazil Reservoir Notodiaptomus

theringi

P (mg DM m™> dayfl) P/B (day’l) Reference

67.20 0.05 Vareshi and
Jacobs
(1984, 1985)

1.04 0.05 Wondie and
Mengistou
(2006)

8.08 mean Santos-

13.67 highest value Wisniewski
and Rocha

(2007)
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performance of soda lakes versus other systems.
It can be concluded that calanoid daily produc-
tion is highest in soda lakes but the P/B ratio is
not. Introducing consumers such as fish could
increase the productivity of the system, but
apparently very few fish are adapted to survive
in the harsh soda lake environment. This is one of
the dilemmas of soda lakes!

8.5.1.2 Rotifera
The dominant rotifer species in the East African
soda lakes are invariably Brachionus dimidiatus,
B. calyciflorus, B. angularis, B. urceolaris,
Keratella tropica, Hexarthra jenkinae and Filinia
longiseta (Appendix). Recent studies on Rotifera
from East Africa have focused on their feeding
behaviour and their role in the food webs using
stable isotope analyses (Burian et al. 2013, 2014).
More intensive studies on secondary produc-
tion estimates were done earlier for two very
abundant rotifer species in Lake Nakuru by
Vareschi and Jacobs (1984, 1985). The growth
increment method (Winberg et al. 1971) was
used to estimate production of rotifer eggs and
juveniles separately. Egg production was
determined according to the equation
P = DMe x Ne x De”' (mg DW m > day '),
where DMe is the dry mass of eggs in mg, Ne is
the number of eggs per m® and De is the duration
of egg development in days. The authors deter-
mined De in laboratory experiments and obtained
Ne from field data. Production of juvenile rotifers
was calculated from Pj = DMj x Nf x Df ~!
(mg m day ' DM), where DMj is the dry mass
of juveniles, Nf is the number of females per m*
and Df is an estimated life span. Rotifer life span
was computed as the half-life of the mortality (d)
of rotifers (= Ln2/d) between two successive
time intervals, 1 and 2, which was obtained
from the difference between the birth rate (b)
and rate of population change (r). b was calcu-
latedas b = In (1 + Ne X De ! x fol) and r as
(In N, — In Ny)/r2—t1. It is unclear whether the
growth  increment  method
underestimated secondary production, but it has
recently been shown that the recruitment method
of estimating secondary production is more
appropriate for small species with small

over- or
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difference in biomass between eggs and adults,
such as rotifers (Rodriguez and Tundisi 2002;
Wondie and Mengistou 2014).

Results for daily production rates of
B. dimidiatus and B. plicatilis were highly vari-
able between the five years of investigation of
Vareschi and Jacobs (1985; Table 8.7),
indicating the dynamic nature of rotifer second-
ary production, which fluctuates erratically
depending on temporal and spatial variations of
food, temperature and biotic conditions. Overall,
the larger species, B. plicatilis, was 3x more
productive during the five study years. In recent
studies using isotopic labelling, Burian
et al. (2014) showed that B. plicatilis obtained
almost half (48 %) of its diet from fragments of
A. fusiformis, whereas B. dimidiatus mainly
ingested particles < 2 pm. In other tropical
freshwater lakes, we observed that rotifer pro-
duction often peaks after some time lag of
decomposition of cyanoprokaryote blooms, and
we attributed this to their grazing on detrital
particles and Bacteria (Assefa and Mengistou
2011; Wondie and Mengistou 2014). The poor
quality of this detrital food was suggested as a
possible factor for the low secondary production
of rotifers in these freshwater lakes.

When compared with freshwater lakes, rotifer
secondary production is clearly higher in soda
lakes, even comparable to, and at times exceed-
ing, production by calanoids and other grazers in
the system. Vareschi and Jacobs (1985) argued
that the main reasons for the high rotifer produc-
tion are the large egg sizes and the short devel-
opment times of eggs and juveniles. The latter
are features common to many tropical rotifers,
and perhaps a more plausible explanation for the
high secondary production of large rotifers in
soda lakes is the conducive high temperature
and excess cyanoprokaryote food supply.

In general, secondary production by rotifers in
soda lakes is higher by two orders of magnitude
when compared with values in freshwater lakes,
even taking computational differences into con-
sideration (see Table 8.7). For example, compar-
ing the secondary production of the smaller
B. dimidiatus in Lake Nakuru with that of other
brachionids in Lake Tana and Lake Kuriftu (both
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Table 8.7 Daily production and mean biomass of Rotifera in Lake Nakuru during 1972 and 1976 and some other

tropical African lakes (sources included)

Mean biomass (B) Daily P
Species/year/lake (mg DW m™>) (mgDW m>day™!) P/B(day") Reference
B. dimidiatus
1972 65 34 0.53
1973 230 90 0.40
1974 232 76 0.44
1975 346 133 0.42
1976 585 210 0.48 Vareschi and Jacobs (1985)
B. plicatilis
1973 58 45 0.70
1974 1592 674 0.49
1975 1010 316 0.43
1976 425 118 0.65 Vareschi and Jacobs (1985)
Brachionus spp.
Lake Tana/Eth 1.09 0.34 0.03 Wondie and Mengistou (2014)
2005
B. calyciflorus
Lake Kuriftu/Eth 0.63 0.18 0.29 Assefa and Mengistou (2011)
2009
Filinia pejleri
Brazilian reservoir 0.11 0.04 0.42 Rodriguez and Tundisi (2002)
2002
Keratella americana
Brazilian reservoir 0.27 0.08 0.30 Rodriguez and Tundisi (2002)

2002

Ethiopia) indicates that daily production in the
freshwater lakes is < 1.00 mg, whereas an aver-
age of 100 mg m > day' DM was documented
for the former in Lake Nakuru over a period of
five years. Some of the reasons for the low rotifer
production in the Ethiopian lakes were the low
primary production in Lakes Tana and Kuriftu,
and the low quality of the detrital food available
for rotifers during the productive post-rainy
months in these lakes (Assefa and Mengistou
2011; Wondie and Mengistou 2014). Rodriguez
and Tundisi (2002) did not discuss the reasons
for the extremely low rotifer production they
calculated in a Brazilian reservoir.

Perhaps the daily biomass turnover rate (P/B
ratio) is more insightful to explain the high daily
production of rotifers in soda lakes. Close to
50 % of the rotifer biomass was replaced every
day according to the 5-year study done by
Vareschi and Jacobs (1985). This implies that
half of the biomass is replaced daily due to the

synergistic effects of food and temperature and
lack of important rotifer predators. This is
incredibly high when compared to a turnover
rate of just 3 % in Lake Tana, which was
attributed to factors mentioned above, such as
poor food quality and low water temperature. A
higher daily turnover rate of 30 % was
documented in the small shallow Lake Kuriftu
in Ethiopia (Assefa and Mengistou 2011). This
reflected high primary production and water
temperature, even though the food quality was
still poor. In a tropical Brazilian reservoir,
Rodriguez and Tundisi (2002) calculated quite
high daily biomass turnover rates, closer to the
values obtained in soda lakes (40 % per day)
and higher than the values recorded for the
Ethiopian shallow lakes. In general, the factors
governing rates of secondary production and
productivity (P/B) of rotifers in soda lakes
need to be investigated in greater detail in the
future.
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8.5.2 Secondary Production
of Macroinvertebrates in Soda
Lakes

In view of the low species diversity of
macroinvertebrates in soda lakes, less attention
was paid to secondary production in this group.
Nevertheless, the high seasonal biomass of some
benthic macroinvertebrates during emergence
has been noted by ecologists and others for
centuries, most notably because of the spectacu-
lar impressions formed when millions or billions
of insects emerge from lakes and literally “con-
quer” the surrounding environment for a short
period.

8.5.2.1 Hemiptera (Bugs)

The best example of an extensive study on sec-
ondary production of macroinvertebrates is that
of Vareschi and Jacobs (1985). They considered
two families and three species for their study on
secondary production and consumption rates in
Lake Nakuru (Kenya). The species studied
belonged to the phylum Arthropoda, class
Insecta, order Hemiptera (bugs), family
Corixidae (water boatmen) and family
Notonectidae (backswimmers). Two corixid spe-
cies were considered—~Micronecta scutellaris
and Sigara hieroglyphica kilimanjaronis—
along with Anisops varia of the Notonectidae.
Biomass and daily production were estimated
for each species based on culturing animals in
aquaria and noting weight increment with age
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(Mavuti 1975). Egg production was estimated
from the egg ratio and sex ratio (1:1 assumed).
The results indicated that the three macroinver-
tebrates had a very low daily secondary produc-
tion of < 1.00 mg m > day~' DM (Table 8.8)
and made up no more than 1 % of the total
consumer production in the lake. The daily bio-
mass turnover rates of all three species were very
low—Iess than 4 % of the biomass was replaced
every day, reflecting very slow growth rates for
all macroinvertebrates. This is in contrast to
some chironomids, which can replace 15 % of
their biomass per day and achieve annual bio-
mass turnover rates of over 50 times, whereas the
heteropterans could achieve a maximum annual
P/B ratio of only 15 times (Benke 1998).

The low production and biomass turnover rate
of these macroinvertebrates probably reflect the
seasonally limited food supply. The notonectid
Anisops is predatory and feeds on calanoids and
even fish, and the corixids feed on Spirulina,
other zooplankton and algae, which are highly
seasonal, as well as on detritus in the lake.

8.5.2.2 Chironomidae (Non-biting
Midges)

The most common observation in soda lakes is
the phenomenal emergence of millions of flies
from the lake at certain times of the year. They
are feast for birds and other predators and fortu-
nately do not transmit disease or act as vectors
themselves. Several studies on the secondary
production of chironomids have treated

Table 8.8 Biomass, daily production and P/B ratio of macroinvertebrates in Lake Nakuru during 1972 and 1973

(after Vareschi and Jacobs 1985)

Family/species/year Biomass (mg DM m?)
Notonectidae, Anisops
1972 24.9
1973 13.8
Corixidae, Micronecta
1972 7.9
1973 6.3
Corixidae, Sigara
1972 0.22
1973 1.05

Daily production

(mg DM m 3 day™") P/B ratio (day ")

0.29 0.012
0.07 0.005
0.30 0.038
0.14 0.022
0.01 0.014
0.02 0.019



224

non-soda lakes (e.g. Benke 1998) because of the
ubiquitous distribution of chironomids in lakes of
different water chemistry and trophic status.

The highest secondary production of
chironomids, and indeed of any inland benthic
community, was reported from the saline
Australian Lake Werowrap by Paterson and
Walker (1974): 182 mg m 2 day ' DM. The
chironomid biomass and production in soda
lakes are lower, with a maximum value of
120 mg m 2 day~' DM and a minimum value
of 1 mg m? day71 DM for the dominant chiron-
omid Microchironomus deribae in Lake Nakuru
(Vareschi and Jacobs 1985). The authors cultured
the chironomid in the laboratory and estimated
its production based on growth increments of
stages and size-frequency field data. They
reported that, in general, chironomid production
in the soda Lake Nakuru was high compared with
temperate lakes but still lower than the peak
values reported in the saline Australian lake. In
very saline but less alkaline lakes, brine flies are
quite common and can reach incredible numbers
seasonally. In the soda lakes, chironomids did
not reach such numbers, even though the detrital
organic food in the lake sediment was by no
means limiting. Benke (1998) reported that
chironomids can reach extremely high biomass
turnover rates in snag habitats of rivers, even as
high as 15 % daily. Vareschi and Jacobs (1985)
recorded a mean of 8.4 % daily P/B ratio for the
chironomid in Lake Nakuru. In general, high
secondary production and biomass turnover
rates of chironomids have been documented
from saline and soda lakes. It is thus interesting
to investigate what factor(s) cause such
differences. Could the salt difference contribute
to this because food levels are apparently high in
both cases?

8.6  Conclusions

» Soda lakes are populated by a few, yet highly
specialized group of invertebrates which can
assume high seasonal biomass. The species
diversity of the invertebrate fauna is
generally poor.

S. Mengistou

» The zooplankton is dominated by Rotifera.
Especially the species Brachionus dimidiatus
can attain incredibly high biomass (800 mil-
lion m %) at favourable times.

« The macroinvertebrate community is
dominated by corixids (genera Micronecta
and Sigara) and notonectids (genus Anisops).
The chironomid Microchironomus deribae is
very abundant in many soda lakes.

« Vertebrates such as birds either feed directly
on the benthic macroinvertebrates (Greater
Flamingo) or filter the Arthrospira biomass
in soda lakes. The ecotourism potential of
soda lakes is extremely high because of the
spectacular numbers of birds at the lakes at
any one time.

» The secondary production of chironomids in
alkaline soda lakes is much lower than that of
saline Australian lakes, indicating some limi-
tation for invertebrate production in the
former.

» Soda lakes have simple food chains and are
ideal as natural experimental models to study
food web dynamics and energy flow using
stable isotopes.

e The inclination to extract biological and
chemical resources from soda lakes should
be discouraged at best or should be exercised
with extreme caution at worst.
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Abstract

The biodiversity of saline lakes is a topic of increasing interest among
biologists, ecologists and conservation managers in East Africa. In spite of
their extreme conditions and remote locations, East African saline lakes
(EASL) support fish populations of considerable ecological, economic
and biological importance. Among these are several endemic fish species
that are highly specialized to survive in their individual lakes. Although
there is growing concern that increasing human activities and projected
adverse climatic conditions in the region may decimate these unique
species, information on the status of individual fish populations remains
scarce. In recognition of the important ecosystem services they provide,
the EASL have been designated as World Heritage Sites (WHS) and
protected by the Ramsar Convention. To complement these conservation
efforts regarding EASL and to ensure full realization of the potential of
their fisheries, there is need for up-to-date information on their fish
population status. We present therefore an overview of the status of fish
populations in EASL with special emphasis on the Magadi tilapia
Alcolapia grahami, a teleost fish thriving in extreme hypersaline alkaline
water conditions that would kill other fish in a matter of minutes. We show
how several decades of research on this small cichlid fish inhabiting Lake
Magadi, Kenya, reveal astonishing “snapshots” on how fish can survive
under challenging environmental conditions, which, in this rare instance,
are actually close to their physiological optima. As climatic models
predict a decline in freshwater sources and an increment in adverse
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water conditions, studies on fish inhabiting saline lakes could aid
scientists in modelling how species may evolve to adapt to extreme
conditions in their changing habitats. We highlight conservation
challenges facing the long-term existence of EASL fish populations.
Finally, an integrated multidisciplinary approach is recommended to
ensure the preservation and sustainable management of EASL fish
populations and fisheries.

Introduction unique and endemic fish communities (Fig. 9.2
and Table 9.1) of great economic, aesthetic, eco-

Worldwide, the fauna of saline lakes are often logical and biological value. Unlike their
neglected in research endeavours, management Counterparts in  freshwater lakes, fish
initiatives and conservation efforts. Fish communities in saline lakes remain largely unal-
communities in East African saline lakes tered by species introductions, overstocking and
(EASL) (Fig. 9.1) are no exception in this overexploitation  (Melack  1996).  These
respect. Nevertheless, the EASL harbour several populations could thus provide a rare opportunity
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Fig. 9.1 Distribution of fish in East African saline lakes (EASL)
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Fig. 9.2 Representative species of fish from East African saline lakes: (a) Alcolapia grahami from the southern end
of Lake Magadi; (b) Alcolapia alcalicus from Shompole swamps, north of Lake Natron; (¢) Alcolapia aff. alcalica,
southwestern lagoon of Lake Natron; (d) Alcolapia ndalalani from Olomotony close to Ndalalani, southern Lake
Natron; (e) Alcolapia latilabris from Olomotony, spring-fed creek, southern affluent of the Southern Lagoon, north of
Ol Doinyo Lengai volcano, Lake Natron; (f) Oreochromis amphimelas from Mto wa Mbu, northern affluents of Lake
Manyara; (g) Oreochromis niloticus vulcani, from springs at Loyangalani, eastern shore of Lake Turkana; (h)
Haplochromis rudolfianus from south of Loyangalani, Lake Turkana; (i) Hemichromis exsul from south of
Loyangalani, eastern shore of Lake Turkana; (j) Clarias gariepinus from Mto wa Mbu, northern affluents of Lake
Manyara. Photographs kindly provided by Dr. Lothar Seegers
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Table 9.1 Fish species in saline lakes of East Africa

Family Species name Occurrence  Status  Saline lake Country
Cyprinidae Afronemacheilus kaffa Native NE Lake Turkana Ethiopia
Cichlidae Alcolapia alcalicus (Hilgendorf Native EN Lake Natron Tanzania
1905)
Cichlidae Alcolapia grahami (Boulenger 1912)  Native \48 Lake Magadi Kenya
Cichlidae Alcolapia ndalalani (Seegers and Native NE Lake Natron Tanzania
Tichy 1999)
Cichlidae Alcolapia latilabris (Seegers and Native NE Lake Natron Tanzania
Tichy 1999)
Alestidae Alestes baremoze Native LC L. Turkana Kenya,
Ethiopia
Alestidae Alestes dentex Native LC L. Turkana Kenya,
Ethiopia
Poeciliidae Aplocheilichthys jeanneli Native LC L. Turkana Kenya,
Ethiopia
Poeciliidae Aplocheilichthys rudolfianus (syn. Native LC L. Turkana Kenya,
Haplochilichthys rudolfianus/ Ethiopia
Micropanchax rudolfianus)
Claroteidae Auchenoglanis occidentalis Native LC L. Turkana Kenya,
Ethiopia
Bagridae Bagrus bajad Native LC L. Turkana Kenya,
Ethiopia
Bagridae Bagrus docmak Native LC L. Turkana Kenya,
Ethiopia
Cyprinidae Barbus bynni Native LC L. Turkana Kenya,
Ethiopia
Cyprinidae Barbus neumayeri Native LC L. Turkana Kenya,
Ethiopia
Cyprinidae Barbus turkanae Native LC L. Turkana Kenya,
Ethiopia
Cyprinidae Lebias stiassnyae (Getahun and Native EN L. Alfdera Ethiopia
Lazara 2001)
Alestidae Brycinus ferox Native LC L. Turkana Kenya,
Ethiopia
Alestidae Brycinus minutus Native LC L. Turkana Kenya,
Ethiopia
Alestidae Brycinus nurse Native LC L. Turkana Kenya,
Ethiopia
Cyprinidae Chelaethiops bibie Native LC L. Turkana Kenya,
Ethiopia
Claroteidae Chrysichthys auratus Native LC L. Turkana Kenya,
Ethiopia
Claroteidae Chrysichthys turkana Endemic NE Lake Turkana Kenya,
Ethiopia
Citharinidae Citharinus citharus Native NE Lake Turkana Kenya,
Ethiopia
Clariidae Clarias gariepinus Native NE Lake Turkana, Lake  Kenya,
Manyara, Lake Ethiopia
Bogoria drainage®
Distichodontidae  Distichodus nefasch Native NE Lake Turkana Kenya,
Ethiopia

(continued)
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Table 9.1 (continued)
Family Species name Occurrence  Status  Saline lake Country
Gymnarchidae Gymnarchus niloticus Native LC Lake Turkana Kenya,
Ethiopia
Cichlidae Danakilia franchettii Native EN Lake Alfdera Ethiopia
(Trewavas 1983)
Cichlidae Haplochromis macconneli Native LC Lake Turkana Kenya,
Ethiopia
Cichlidae Haplochromis rudolfianus Native LC Lake Turkana Kenya,
Ethiopia
Cichlidae Haplochromis turkanae Native LC Lake Turkana Kenya,
Ethiopia
Cichlidae Hemichromis exsul Native LC Lake Turkana Kenya,
Ethiopia
Cichlidae Hemichromis letourneuxi Native LC Lake Turkana Kenya,
Ethiopia
Clariidae Heterobranchus longifilis Native LC Lake Turkana Kenya,
Ethiopia
Arapaimidae Heterotis niloticus Native LC Lake Turkana Kenya,
Ethiopia
Alestidae Hydrocynus forskahlii Native LC Lake Turkana Kenya,
Ethiopia
Alestidae Hydrocynus vittatus Native LC Lake Turkana Kenya,
Ethiopia
Mormyridae Hyperopisus bebe Native LC Lake Turkana Kenya,
Ethiopia
Cyprinidae Labeo cylindricus Native LC Lake Bogoria Kenya,
drainage®, Lake Ethiopia
Turkana
Cyprinidae Labeo horie Native NE Lake Turkana Kenya,
Ethiopia
Cyprinidae Labeo niloticus Native LC Lake Turkana, Kenya,
Lake Chilotes (Hora  Ethiopia
Kilole)
Cyprinidae Labeobarbus intermedius Native LC Lake Turkana, Lake = Kenya,
Bogoria drainage® Ethiopia
Poeciliidae: Lacustricola jeanneli Native NE Lake Turkana Kenya,
Procatopodinae Ethiopia
Latidae Lates longispinis Native DD Lake Turkana Kenya,
Ethiopia
Latidae Lates niloticus Native LC Lake Turkana Kenya,
Ethiopia
Malapteruridae ~ Malapterurus electricus Native LC Lake Turkana Kenya,
Ethiopia
Lestidae Micralestes elongatus Native NE Lake Turkana Kenya,
Ethiopia
Mochokidae Mochokus niloticus Native LC Lake Turkana Kenya,
Ethiopia
Mormyridae Mormyrus kannume Native LC Lake Turkana Kenya,
Ethiopia
Cyprinidae Neobola bottegoi Native DD Lake Turkana Kenya,
Ethiopia
Cyprinidae Neobola stellae Native LC Lake Turkana Kenya,
Ethiopia

(continued)
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Table 9.1 (continued)

Family Species name Occurrence  Status ~ Saline lake Country
Cichlidae Oreochromis niloticus Native NE Lake Turkana, Lake  Kenya,
Chilotes (Hora Ethiopia
Kilole)
Cichlidae Oreochromis esculenta Native CE Lake Singida, Lake = Tanzania
Kitangiri
Cichlidae Oreochromis niloticus vulcani Native NE Lake Turkana Kenya,
Ethiopia
Cichlidae Oreochromis spilurus Native NE Lake Turkana Kenya,
Ethiopia
Polypteridae Polypterus bichir Native NE Lake Turkana Kenya,
Ethiopia
Polypteridae Polypterus senegalus Native NE Lake Turkana Kenya,
Ethiopia
Protopteridae Protopterus aethiopicus aethiopicus ~ Native NE Lake Turkana Kenya,
Ethiopia
Cyprinidae Raiamas senegalensis Native LC Lake Turkana Kenya,
Ethiopia
Cichlidae Sarotherodon galilaeus Native NE Lake Turkana Kenya,
Ethiopia
Schilbeidae Schilbe uranoscopus Native LC Lake Turkana Kenya,
Ethiopia
Mochokidae Synodontis frontosus Native LC Lake Turkana Kenya,
Ethiopia
Mochokidae Synodontis schall Native LC Lake Turkana Kenya,
Ethiopia
Tetraodontidae Tetraodon lineatus Native LC Lake Turkana Kenya,
Ethiopia
Cichlidae Tilapia zillii Native NE Lake Turkana Kenya,
Ethiopia
Cyprinidae Barbus intermedius Native NE Lake Abijata, Lake Kenya,
Shala Ethiopia
Cyprinidae Barbus paludinosus Native LC Lake Turkana, Lake  Ethiopia
Abijata, Lake Shala
Clariidae Clarias gariepinus Native NE Lake Turkana, Lake  Ethiopia
Abijata, Lake Shala
Cichlidae Aplocheilichthys antinorii Native LC Lake Turkana, Lake  Ethiopia
Abijata, Lake Shala
Cichlidae Tilapia rendalli Native LC Lake Turkana, Lake  Ethiopia
Abijata®, Lake Shala®, Kenya
Lake Kitangiri® Tanzania
Cichlidae Oreochromis amphimelas (Hilgendorf ~Native EN Lake Manyara, Lake Tanzania
1905) Kitangiri, Lake Eyasi
and Lake Singida
Clariidae Clarias gariepinus Native NE Lake Manyara®, Tanzania,
Lake Chilotes (Hora  Ethiopia

Kilole)®

EN endangered, CN critically endangered, LC least concern, VU vulnerable, NE not evaluated, DD data deficient
#Occasional occurrence of the species
"Introduced species. Data modified from Seegers et al. (2003)
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Fig. 9.3 Major threats and their impacts on saline lake fish communities in East Africa

to conserve fish communities in their original
abundance and diversity. In recognition of the
significance of saline lakes for in situ conserva-
tion of both threatened and endangered species,
four Kenyan Rift Valley saline lakes (Lakes
Turkana, Nakuru, Elementaita and Bogoria) are
listed as World Heritage Sites (WHS) (http://
whc.unesco.org/en/list/1060). Additionally,
these lakes are protected by the Ramsar Conven-
tion (signed in Ramsar, Iran, in 1971) on
Wetlands of International Importance (http://
www.ramsar.org/pdf/sitelist.pdf), as well as by
various government initiatives in close collabo-
ration with local communities (Harper
et al. 2003). In spite of these initiatives, some
economically driven developments in and around
the lakes such as mining, geothermal exploration
and farming continue to exert considerable pres-
sure on saline lake fish populations. Negative
impacts associated with such activities include:
habitat loss and fragmentation, pollution and
introduction of pathogens and parasites
(Figs. 9.3 and 9.4) (Jellison et al. 2004; Williams
2002; Zinabu 2002).

There is growing concern that, if not abated,
current trends of human-mediated degradation of
saline lakes could lead to massive species losses.
Since saline lakes have been less studied, the

magnitude of such losses may even be greater
as they may affect species whose existence has
not been documented (Jellison 2005). Addition-
ally, the ecological and potential financial
impacts of such losses may be irreversible
(Constanza 1997; Harper et al. 2003). To strike
a balance between sustainable economic devel-
opment, scientific research and conservation of
EASL fish populations, there is a need for
scientists, conservation managers, governments,
local communities, industry and other
stakeholders to work together closely. New
paradigms that promote collaborative efforts
could indeed go a long way in averting many
threats facing saline lake fisheries. To date, no
such framework has been established for EASL.
In fact, very little information exists on saline
lake fish distribution, abundance, life history,
stocking levels, threats and conservation status.
Moreover, except for fish populations in a few
lakes such as Lakes Magadi and Turkana, much
of the current knowledge about fish communities
in EASL lies with local residents, fishermen or in
grey literature such as museum records and insti-
tutional reports.

A comprehensive review of this subject is
important; here, we highlight the most important
aspects of saline lake fish populations. This
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Fig. 9.4 A local Maasai woman washes clothes in Fish Spring Lagoon of Lake Magadi, Kenya. The lagoon holds the
largest fish population (Alcolapia grahami) relative to the other lagoons in Lake Magadi. Pressure on the available
water resources in the lagoon and Lake Magadi as a whole is mounting as a result of competition for domestic,

agricultural (livestock) and industrial use

chapter therefore (1) provides a brief overview of
saline lakes of East Africa as far as their impor-
tance to fish and fisheries is concerned, (2) draws
attention to the potentials of saline lake fishes,
(3) reviews published information on saline lake
fish populations in East Africa with special
emphasis on the Magadi tilapia and (4) outlines
challenges facing EASL fisheries and
suggestions for better conservation and
sustainable use.

9.2  East African Saline Lakes

The EASL consist of a series of alkaline-saline
lakes located along the eastern arm of the African
Great Rift Valley, which stretches from north-
eastern Ethiopia through Kenya to Tanzania
(Fig. 9.1) (Hughes and Hughes 1992; Melack
1996). The Ethiopian Rift Valley has Lakes
Abijata, Shala, Alfdera and Chilotes (Grant
2004). The Kenyan Rift Valley contains five
major saline lakes of varying salinity levels. In
the order of increasing salinity they include
Lakes Turkana, Bogoria, Nakuru, Elementaita

and Magadi. Lake Turkana is the world’s largest
desert lake and the fourth largest lake in Africa
after the Great Lakes (Lake Victoria, Tanganyika
and Malawi) (Ferguson and Harbott 1982). In the
Tanzanian Rift Valley, the main saline lakes are
Lakes Eyasi, Manyara, Natron, Singida and
Kitangiri (Hughes and Hughes 1992). Other
small saline lakes are also present in the region
(see Appendix). A comprehensive list of these
and other saline lakes of the world is provided in
Grant (2004). EASL are endorheic, and high
temperatures associated with the Rift Valley lead
to high evaporation rates of water, resulting in
high concentrations of Na*, HCO;™~ and CO;>~
salts (Cole 1994). The highly alkaline nature of
surrounding soils further adds to the saline levels
of the EASL (Cole 1994). Unlike their freshwater
counterparts, most saline lake basins along the
Rift Valley do not constitute a single continuous
mass of water but rather a series of isolated pools
(Seegers et al. 1999). EASL are mainly
recharged by direct precipitation and under-
ground seepage facilitated by hot springs located
along the margins or at the floor of the lake
basins. In exceptional cases, the lakes may
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Fig. 9.5 Schematic
diagram of the simple food
web in Lake Magadi. Each
arrow represents a transfer
of food or energy from one
organism to another.
Arrows point to the
consumer. Thick arrows
depict the food resources
that are consumed by
Magadi fish. Similar webs
are present in the other
EASL

acquire water through surface runoff and riverine
delivery by affluent streams and rivers (Goerner
et al. 2009).

As most of the EASL lack obvious outflows,
they are considered as “amplifier lakes” for their
dramatic response to climatic variability (Olaka
et al. 2010; Street-Perrott and Roberts 1983).
Recent studies have revealed extensive shifts in
climatic patterns and accompanying changes in
hydrology of most of these lakes following the
onset of Holocene period ~13,000 years BP
(Issar 2003; Legesse et al. 2002). These shifts
have led to marked variation in sizes, salinity,
temperature regimes, UV irradiation penetration,
dissolved oxygen concentration, ionic composi-
tion and biotic assemblages of the lakes (Melack
1996; Oduor and Schagerl 2007; Verschuren
1996; Verschuren et al. 2000). Saline lakes are
well known for their high primary productivity
and large microbial and invertebrate diversity
(Grant 2004; Harper et al. 2003). Nonetheless,
their extreme conditions coupled with their
rather simple food webs (Fig. 9.5) limit the abun-
dance, composition and distribution of vertebrate
species (Herbst 2001; Vareschi 1979; Williams
et al. 1990). EASL are of particular interest for
fish biologists because they represent all the
described salinity classes (Cooper and Wissel

Fish-eating birds:
pelicans, herons, egrets

/ |

Copepods,
dipteran larvae

3

2012). As such, these lakes provide excellent
opportunities to study many aspects of fish biol-
ogy along the salinity continuum.

Cyanobacteria Lesser Flamingo

Fish Communities in East
African Saline Lakes

9.3

Generally, compared to invertebrates, fish faunas
in saline lakes are limited (Brauner et al. 2013).
This has been attributed to lack of direct water
links to other basins, which in turn limit the
dispersal ability of their fish populations relative
to invertebrates: the latter can disperse over land,
mainly facilitated by dispersal vectors such as
wind and migratory birds (Brauner et al. 2013;
Frisch et al. 2007; Hammer 1986). Therefore, in
the absence of human intervention, dispersal of
fish relies entirely on rare chances such as during
floods. This, however, may occur only in a few
lakes (e.g. Lakes Natron and Turkana) that have
temporary connections to rivers or streams. Spe-
cies richness and abundance of saline fishes is
therefore correlated to dispersal opportunities
(Brauner et al. 2013), food availability and the
physical complexity of individual lakes (Ham-
mer 1986).
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More often than not, less alkaline lakes (salin-
ity 3-5 %o e.g. Lake Turkana, Kenya) have more
species whereas hypersaline lakes (salinity
~21 %o, e.g. Lakes Magadi and Little Magadi,
Kenya) have fewer species (Hammer 1986;
Seegers et al. 2003). The negative correlation of
salinity to fish diversity has been reported in
several other studies (Cooper and Wissel 2012;
Sosa-Lopez et al. 2007). Owing to the intimate
physiological relationship fish have with their
environment (Cossins and Crawford 2005),
saline lake fishes are globally significant as
biological models to study adaptation and
response to a wide variety of natural and anthro-
pogenic environmental conditions.

As EASL are geographically isolated and
often lack inlets and outlets, the origins of the
initial fish populations that seeded the lakes are
not obvious. This often makes it difficult to state
with certainty whether populations in individual
lakes are natural or have even been stocked by
humans in ancient times (Brauner et al. 2013;
Hammer 1986). Nevertheless, due to relatively
long periods of isolation, most saline lake fish
faunas are evolutionarily quite divergent from
their closest relatives in freshwater and have
evolved unique adaptations to subsist in their
individual lakes. Consequently, saline lake fish
exhibit varied morphological, behavioural, phys-
iological and ecological adaptations. Addition-
ally, phenotypic diversifications have also
occurred among populations of the same species
within individual lakes as a result of occupying
diverse environments (Seegers and Tichy 1999;
Tichy and Seegers 1999). This may in turn lead
to fish populations showing substantial intraspe-
cific or interspecific differentiation even in the
presence of gene flow (Zaccara et al. 2014). This
has been reported for Lake Natron, Tanzania,
where the lake’s three morphologically distinct
species, Alcolapia alcalicus, A. ndalalani and
A. latilabris, exist in sympatry (Seegers and
Tichy 1999). The most prevalent species
A. alcalicus displays considerable intraspecific
morphological variation (Seegers and Tichy
1999; Tichy and Seegers 1999). Nevertheless,
genetic analyses (mtDNA and microsatellites)
have revealed considerable gene flow among
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these species and morphotypes
et al. 1999; Zaccara et al. 2014).

Owing to their characteristic restricted ranges,
small population sizes and stressful habitats, fish
species in EASL are thought to be at a great risk
of extinction. Model studies in other saline lakes
of the world have predicted a decline in fish
populations as a result of unprecedented environ-
mental threats to their ecosystems (Jellison
et al. 2004). This has been attributed to a decline
in annual precipitation leading to deterioration of
water quality and contraction of habitats, mainly
driven by anthropogenic activities (Jellison
et al. 2004).

(Seegers

9.3.1 Fish Species of Ethiopia’s Saline
Lakes
Although little is known about the fish

communities in Ethiopian saline lakes, there
have been suggestions that the lakes may hold a
few endemic species (Table 9.1). The cichlid
Danakilia franchettii (Trewavas 1983) and
cyprinodontid Lebias stiassnyae (Getahun and
Lazara 2001) are endemic to Lake Alfdera
(Getahun and Stiassny 1998; Golubtsov
et al. 2002). Lake Chilotes (also referred to as
Hora Kilole) has an indigenous Oreochromis
niloticus population. However, following recent
diversions of freshwater from River Mori into
Lake Chilotes, several riverine species (mainly
Barbus) have colonized the lake within the last
decade (Brook 2003).

9.3.2 Fish Species of Kenya’'s Saline
Lakes

Compared to all other EASL, Lake Turkana has
the highest number of species (Table 9.1).
Slightly over 50 species have been described, of
which 30 % are endemic to the lake (Table 9.1)
(Hopson  1982; Kolding 1989; Seegers
et al. 2003). The non-endemic species are
derived from the Nile drainage (Kolding 1989,
1995) as a result of past connections of the lake
basin to the River Nile (Johnson and Malala
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2009). The high diversity of fishes in Lake
Turkana is attributed to its mild saline
conditions, a well-mixed water column and
well-oxygenated waters among other factors
(Ferguson and Harbott 1982; Kallqvist
et al. 1988). Recent studies have, however,
suggested a decline in the lake’s fish populations
due to fishing pressures (Muska et al. 2012) and
fluctuations in water levels (Kolding 1995). In
contrast to Lake Turkana, the other saline lakes
of Kenya have very limited fish faunas. The
hypersaline Lake Magadi contains only a single
species, the endemic tilapia Alcolapia grahami.
The Magadi tilapia was introduced to Lake
Nakuru between 1952 and 1962 to combat mos-
quito larvae (Vareschi 1979) and probably also in
Lake Elementaita (Okeyo 2006). Massive deaths
of the introduced fish, however, were reported in
1991 for unknown reasons (Githaiga 1997). In a
recent expedition (March, 2010) to Lake
Elementaita, a thriving population of tilapia that
resembled Alcolapia grahami but with slightly
bigger body sizes were found (GD Kavembe,
personal observation). The current population
status of Alcolapia grahami species in Lake
Nakuru remains unknown. Although Lake
Bogoria does not have endemic species of its
own (Harper et al. 2003), fish from affluent
streams have been found to “stray” into the lake
following heavy rains that make the water less
saline.

9.3.3 Fish Species of Tanzania’s Saline
Lakes

Lake Manyara is the most important of the
Tanzanian saline lakes in terms of fisheries. The
lake is dominated by the endemic Lake Manyara
tilapia Oreochromis amphimelas. The species is
also found in other soda lakes in Tanzania such
as Lakes Kitangiri, Eyasi and Singida (Froese
and Pauly 2014). A sharp decline of fish catches
in Lake Manyara has been recorded, from a high
of 1800 t in the 1970s to a low of 0.5 t in 1990
(Mugisha et al. 1993). The decline was attributed
to a drought that wiped out most of the
populations of O. amphimelas (Mugisha
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et al. 1993). Nevertheless, more recent surveys
suggest that Lake Manyara still supports a signif-
icant population of O. amphimelas (Bwathondi
et al. 2000). Information on the status of this
species in other Tanzanian saline lakes is scanty
(Bwathondi et al. 2000). Catfish (Clarias
gariepinus) have been reported in Lake Manyara
(Yanda and Madulu 2005) and Lake Kitangiri
(Bwathondi 2002). Oreochromis esculentus and
Tilapia rendalli were introduced from Lake Vic-
toria to Lakes Kitangiri and Singida (Thieme
et al. 2005) (Table 9.1). Bwathondi (2002)
reported sightings of Protopterus aethiopicus
and Oreochromis niloticus as well as some
unspecified haplochromine species in Lakes
Kitangiri and Singida, respectively. Lake Natron,
which displays extreme conditions (similar to but
less extreme than those of Lake Magadi), is well
known for its three endemic soda lake tilapia of
the genus Alcolapia: A. alcalicus, A. latilabris
and A. ndalalani. During the wet season, several
riverine fish species have been reported to stray
into Lake Natron from rivers (Ewaso Nyiro,
Peninj, Moinik and Engare Sero) and seasonal
streams that feed the lake (Seegers and Tichy
1999).

924 Potential Uses and Value
of Saline Lake Fishes
9.4.1 Aquaculture Value

Compared to freshwater species, the fisheries
sector of saline lakes is poorly developed and
only scant information is available on the actual
exploitation of the fish of these lakes. The global
shortage of freshwater brought about by climate
change and competition for the available fresh-
water resources by the ever-growing human
populations has increased the need to develop
aquaculture in brackish, saline and wastewaters
(Sala et al. 2000; El-Zaeem et al. 2012, 2013).
The need for such initiatives is even greater in
East Africa, where unprecedented rates of popu-
lation growth, often in combination with natural
and human-mediated stressors, continue to put
strain on available freshwater resources. Fish
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faunas of saline lakes could undoubtedly offer
one of the solutions to dwindling freshwater
fisheries. Apart from direct benefits from saline
lake fish catches, saline lake fish stocks could
also be used in breeding programmes for genetic
improvement of common freshwater species. For
instance, the freshwater tilapia Oreochromis
niloticus is one of the world’s leading aquacul-
ture species. Like most teleost species, however,
it excretes ammonia as its major nitrogenous
waste, and ammonia buildup can cause sublethal
toxicity manifested as impaired growth when
water  supplies are limited (EIl-Shafai
et al. 2004). Possibly, it could be crossed with
Magadi tilapia, which produces only urea, a
much less toxic nitrogenous waste product (see
below). For such attempts to be successful, there
is a need to establish well-planned programmes
including extensive research on the species biol-
ogy, compatibility and prior assessment of the
negative effects such programmes may have on
the long-term survival of either species. Similar
efforts using other stress-tolerant tilapia to
improve common tilapia species have yielded
impressive results (Kamal and Mair 2005).

9.4.2 Scientific and Educational Value

Over the past decades, many studies have exam-
ined fish species living in extreme environments.
For instance, several studies are available on
adaptation to hypersaline, exceptionally alkaline
conditions in Magadi tilapia (A. grahami)
(reviewed by Portner et al. 2010) and to
hydrogen-sulphide-contaminated caves in the
Shortfin Molly fish Poecilia mexicana (Tobler
and Plath 2011). Global climate change scenarios
predict a steady increase of salinity in freshwater
ecosystems in East Africa. Saline lakes and their
fish populations offer a natural laboratory for
multidisciplinary studies that may provide
much-needed management solutions. The sim-
plicity of saline lake ecosystems and the less
species-rich nature of their communities are
among the aspects that make these systems
good models for biological studies.

G.D. Kavembe et al.

9.4.3 Cultural, Aesthetic and Economic
Values

Most EASL are located in remote dry areas and,
as such, they are the main source of livelihood
for local communities. These communities are
predominantly pastoralist, but dwindling land
resources and declining annual precipitation
have resulted in decreased livestock productivity.
For instance, over 200,000 indigenous
pastoralists and agro-pastoralists are estimated
to depend entirely on Lake Turkana (Avery
2010). If exploited, fish populations could pro-
vide a complementary resource to improve food
security of such communities. Almost insepara-
ble from other values associated with the fish
populations is the contribution of fish faunas to
the economy of their respective countries. This
could either be in the form of direct contributions
from fish sales, proceeds from tourism or from
indirect contributions such as increased local
expenditures associated with research activities.
To maximize returns from the few saline fish
species and to ensure conservation of their biodi-
versity, there have been suggestions to develop
recreational fisheries as opposed to commercial
fisheries. For instance, in Issyk-Kul Lake in
Kazakhstan, several studies have proposed that
recreational fishing would impart less fishing
pressure but yield major financial gains com-
pared to industrial fishing (Alamanov and
Mikkola 2011). The economically successful
sport fishery for endemic Cutthroat Trout in
saline, alkaline Lake Lahontan in Nevada, USA,
managed by an aboriginal community, is a good
example of this strategy (Coleman and Johnson
1988).

9.4.4 Ecological Value

Although it is the most difficult to quantify, the
ecological value of saline lake fish is highly
significant. The fish constitute an irreplaceable
component of the saline lake food chain. For
instance, the fish support significant populations
of fish-eating birds (Vareschi  1979).
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Additionally the fish prey on some saline lake
organisms such as mosquito and dipteran larvae,
as well as on other fish, invertebrates and
microorganisms such as Cyanobacteria (Coe
1966; Vareschi 1979). Most importantly, most
of these fish are endemic and adapted to specific
lakes; hence, each single species represents an
invaluable genetic resource that should be
conserved.

Current Research on Fish
Populations of Saline Lakes
in East African Rift Valley

9.5

Although research activity is increasing, fish in
EASL have attracted relatively limited attention
from scientists, and their fisheries sectors are
poorly developed, relative to freshwater fisheries
(Kolding 1995; Muska et al. 2012). This may be
attributed to several factors. First, there is gener-
ally a low awareness among relevant
stakeholders on the importance of saline fish
populations, particularly their potential in aqua-
culture production. Secondly, the remote geo-
graphical location of saline lakes and their
associated adverse conditions may limit access
to the lakes’ fish populations by scientists.
Lastly, research on saline lake fish may require
sophisticated methods and equipment, particu-
larly in cases where on-site or laboratory
manipulations of populations are required. Most
scientists may be wary of incurring huge
expenses against high risks of failed projects,
especially when it is often expensive, difficult
and time-consuming to acquire the necessary
permits from national and local regulatory
authorities.

In spite of the relatively sparse previous
research conducted on fish of EASL, there is
growing interest among biologists, ecologists,
fisheries and conservation managers, resulting
in enhanced understanding of saline lake fish
populations. For instance, recent taxonomic
revisions of the Magadi—Natron Soda Tilapias
by Lothar Seegers and Herbert Tichy (Seegers
and Tichy 1999; Tichy and Seegers 1999) using
modern genetic tools have greatly improved on
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the classical descriptions of the species by earlier
ichthyologists such as Franz Hilgendorf (1905),
George Boulenger (1912) and Ethelwynn
Trewavas (1983). Several studies on other
aspects of saline lake fish in EASL have also
been undertaken in the recent years (Muska
et al. 2012; Portner et al. 2010; Zaccara
et al. 2014). As an example, we restrict our
discussions to studies that have been undertaken
on the single teleost species that thrives in Lake
Magadi, Kenya, the Magadi tilapia, Alcolapia
grahami (Boulenger 1912).

9.6 The Lake Magadi Tilapia

as a Case Study

Lake Magadi is a hypersaline, highly alkaline,
endorheic basin at the southern tip of the Kenyan
Rift Valley section (Figs. 9.1 and 9.6). Histori-
cally, the lake has been joined and separated
several times from Lake Natron, another saline
lake in northern Tanzania (Vincens and Casa-
nova 1987; Roberts 1993; Tichy and Seegers
1999). In fact the two lakes are believed to have
been parts of large Paleolake Orolonga (Burtzer
et al. 1972). This paleolake is thought to have
held a large population of freshwater cichlids
probably similar to  Alcolapia  grahami
(Boulenger 1912; Tichy and Seegers 1999).
Complete separation of Lake Magadi from Lake
Natron probably occurred not less than
8000 years ago (Burtzer et al. 1972; Tichy and
Seegers 1999). Lake Magadi further split
~7000 years ago to form a satellite Lake Little
Magadi to its north (Figs. 9.1 and 9.6). Today, the
Lake Magadi basin is a large shallow lake cov-
ered mainly (~80 %) by “trona” (a solid crust of
precipitated sodium carbonate and bicarbonate
(Fig. 9.6) separating shallow lagoons of varying
physicochemical properties (Coe 1965; Wilson
et al. 2004). Compared to Lake Natron, which
harbours three species of tilapia Alcolapia
alcalicus, A. latilabris and A. ndalalani
(Table 9.1) (Seegers et al. 1999), the Lake
Magadi basin has only one described tilapia spe-
cies, Alcolapia grahami. In the older literature,
this was variously called Oreochromis alcalicus
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Fig. 9.6 (a) Map of Kenya
showing the position of
Lake Magadi; inset is an
enlarged map of the lake
showing individual
lagoons. (b) Brine and
trona pans at the Fish
Spring Lagoon of Lake
Magadi. The bright red
colour of the brine is a
result of halophilic
archaebacteria
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grahami, Sarotherodon alcalicus grahami or
Tilapia grahami.

Magadi tilapia is the only teleost and indeed
the only vertebrate known to inhabit the
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hypersaline lagoons of Lake Magadi and its sat-
ellite Lake Little Magadi (Coe 1966; Wilson
et al. 2004). Some populations of the tilapia
were transplanted to Lake Nakuru (Vareschi
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1979) and probably to Lake Elementaita (Okeyo
2006). Throughout its distribution range, the
Magadi tilapia is subjected to incredibly extreme
conditions: pH ~10, alkalinity 300 mmol L™,
temperature up to 42 °C, high UV radiation,
daytime hyperoxia and night-time hypoxia,
ionic concentrations equivalent to those of
~60 % sea water and intense predation by birds
(Coe 1966, 1967; Johannsson et al. 2014;
Narahara et al. 1996. Nevertheless, this species
thrives in a number of isolated hot springs and
lagoons around the edge of the lake. Indeed these
conditions, which would quickly kill most other
teleost fish, appear to be optimal for this species,
as Magadi tilapia often deteriorate and die when
transferred to other water qualities which “stan-
dard” teleosts inhabit (Laurent et al. 1995; Reite
et al. 1974; Wood et al. 1989, 1994; Wright
et al. 1990, our personal observations).

Dispersal of fish between individual lagoons
is hampered by the presence of trona, uninhabit-
able water and in the case of Lake Magadi versus
Little Lake Magadi, a land barrier separating the
two lakes (Fig. 9.6) (Coe 1966, 1967; Wilson
et al. 2004). There have been suggestions that
occasional mixing of fish between these lagoons
could be possible especially following floods
(Coe 1966; White 1953), but several studies sup-
port the hypothesis of little or no gene flow
(Kavembe et al. 2014; Wilson et al. 2004).
Since the publication of the first monograph on
Magadi tilapia (Coe 1966), the fish has been the
subject of a range of studies on its physiology,
taxonomy, morphology, behaviour, ecology and
genetics, a selection of which are discussed
below.

9.7 Physiological Studies

Because of its extreme environment, the Magadi
tilapia is exposed to huge and diverse physiolog-
ical challenges. Consequently, the fish has
acquired several adaptive mechanisms to deal
with physiological stresses associated with ionic
balance, acid-base balance, nitrogenous waste
management, gas exchange, high temperature
and reactive oxygen species (ROS) (Johannsson
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et al. 2014; Portner et al.
et al. 2013).

2010; Wood

9.7.1 Osmoregulatory

and lonoregulatory Adaptations

Magadi water has exceptionally high pH
(10) (Johansen et al. 1975) and osmolality of
~580 mOsm (Wood et al. 1989). The dominant
anion is HCO5;7/CO5™ (290 meq L") rather than
Cl™ (112 mmol Lfl). Similarly, the dominant
cation Na* (356 mmol L") is exceptionally
high in concentration, while Ca®* and Mg** are
negligible <1 mmol L™' (Wood et al. 1994,
2013). To minimize the high cost of acid—base
regulation, which is about 50 % of its resting
metabolism (Wood et al. 2002b), the Magadi
tilapia maintains an exceptionally high blood
pH (8-9) and tissue pH (7.6) (Wood
et al. 1994). Plasma ions and osmolality are
regulated at levels typical of other teleosts
(Maloiy et al. 1978; Eddy et al. 1981; Eddy and
Maloiy 1984; Wright et al. 1990; Wood
et al. 2002a). Although the fish is ureotelic (see
below), regulation of plasma urea plays only a
quantitatively small role in its osmoregulatory
strategy, unlike ureotelic elasmobranchs (Wood
et al. 2002a). Instead, drinking of alkaline water
at exceptionally high rates (8 mL g~' h™")
enables this fish to balance its osmolality by
replacing water lost across the gills to the hyper-
tonic environment (Bergman et al. 2003; Maloiy
et al. 1978; Skadhauge et al. 1980; Wood
et al. 2002a). To avoid neutralizing the stomach
gastric acids by the alkaline water, Magadi
tilapia’s gut is uniquely modified to include a
pyloric bypass (Bergman et al. 2003). This
bypass also ensures that the fish can imbibe
water regardless of a full stomach (Bergman
et al. 2003). Most of the solutes in the imbibed
water (Na*, HCO5;~ and lesser amounts of C17)
appear to be absorbed in the gut and then
excreted through the gills (Bergman
et al. 2003). Intestinal fluid absorption occurs
mainly in the anterior portion of the digestive
tract, driven largely by NaHCO; absorption,
with a contribution from NaCl absorption in
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Fig. 9.7 Intestinal
absorption (per 1 mL

ingested) of hypersaline 150
water and its major ionic
constituents by Lake 1001
Magadi tilapia. Most of the £
consumed water (8 mL kg =
“Th™1) is absorbed at the 50 1
anterior portion of the
digestive tract (Bergman
et al. 2003) 0
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more distal portions of the tract (Fig. 9.7). Build-
ing on the original model of Laurent et al. (1995),
Wood et al. (2013) provided evidence that the
active excretion of HCO;~ could explain the
electrogenic component of the transepithelial
potential (TEP) across the gills observed in
Magadi tilapia. Active excretion of HCO;™
would in turn facilitate passive efflux of Na*
across the gills by creating a positive TEP in
the blood relative to the external water (Eddy
et al. 1981; Maloiy et al. 1978; Wood
et al. 2013). As Cl= is actually in higher
concentrations in the blood plasma than in
Magadi lake water, it too probably effluxes pas-
sively across the gills (Wood et al. 2012).

9.7.2 Nitrogen Excretion

Nitrogenous waste excretion is a crucial aspect
for survival of fish. The Magadi tilapia is a
unique teleost in this aspect—it is the only
100 % ureotelic fish—it normally excretes all
its nitrogenous waste as urea (Randall
et al. 1989). Indeed, the ability of the Magadi
tilapia to excrete urea has been equated to that of

Foregut

Midgut

Hindgut

land mammals. Virtually all other adult teleosts
excrete their nitrogenous wastes primarily as
ammonia (Wright and Wood 2009). In fact,
most embryonic stages of teleosts excrete urea
as the primary nitrogenous waste, but switch to
excrete ammonia at a relatively early stage
(Wright and Fyhn 2001). The presence of ureote-
lism in adult Magadi tilapia thus appears to
reflect the retention of an embryonic characteris-
tic. Consequently, the Magadi tilapia has been
shown to express all enzymes of the ornithine-
urea cycle (OUC) (Randall et al. 1989; Walsh
et al. 1993). A unique feature of urea production
in Magadi tilapia is the expression of urea cycle
enzymes primarily in the white muscle and to a
lesser extent in the liver, the primary organ where
the OUC enzymes are expressed in those few
other fish that excrete substantial amounts of
urea (Lindley et al. 1999). Continuous excretion
of urea is achieved through a facilitated diffusion
mechanism involving urea transporters in the
gills (Walsh et al. 2001; Wood et al. 2013).
This gives this species the highest gill urea per-
meability of any fish species (Fig. 9.8), even
greater than that of the marine toadfish, which
is a facultatively ureotelic species with similar
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Fig. 9.8 A comparison of the gill permeability to urea in the obligatory ureotelic Magadi tilapia versus the faculta-
tively ureotelic gulf toadfish, passive permeability through typical cell membranes, the gill permeability measured in
standard ammonotelic teleosts and the gill permeability measured in most elasmobranchs (which actively retain urea).
The very high branchial urea permeability of the Magadi tilapia is due to the high level of expression of UT-type

facilitated urea transporters (Walsh et al. 2001)

gill urea transporters (Walsh et al. 2000).
Although urea production is a metabolically
demanding process, this remarkable adaptation
ensures that the tilapia can excrete its nitroge-
nous waste across the gills into its highly alkaline
and buffered aquatic habitat (Randall et al. 1989;
Wood et al. 1989, 1994, 2002a, b). As originally
pointed out by Randall et al. (1989), ammonia
excretion should be theoretically impossible
against an external pH of 10, at least by passive
mechanisms. Nevertheless, it is remarkable that
the Magadi tilapia expresses Rh proteins and an
NH, -activated Na*-ATPase in its gills (Wood
et al. 2013). Such mechanisms are thought to be
associated with active ammonia excretion in
other teleosts (Wright and Wood 2009), raising
the prospect that the Magadi tilapia may actively
excrete ammonia under ammonia-loading
conditions. This, together with the ability of the
OUC to detoxify ammonia by accelerating its
conversion to urea (Wood et al. 1989, 2013),
confers an exceptional ammonia tolerance on
this species (Walsh et al. 1993). These conditions
occur in areas of the lake where bacterial action
converts the uric acid from flamingo guano
deposits into ammonia (Wilson et al. 2004).

9.7.3 Respiratory Adaptations

Magadi tilapia has exceptionally high rates of
oxygen consumption (Franklin et al. 1995;
Narahara et al. 1996), reflecting its very active
lifestyle (Coe 1966, 1967), the high cost of living
in this hostile environment and the high environ-
mental temperatures. The species mitochondria
appear to be adapted to function optimally at
these high temperatures (Johnston et al. 1994).
Unsurprisingly, the fish has a relatively high
capacity for sustained exercise (Walsh
et al. 1993; Wood et al. 2002b). As mentioned
above, Magadi tilapia is exposed to extremes of
oxygen concentration, namely, daytime
hyperoxia and night-time hypoxia (Johannsson
et al. 2014; Narahara et al. 1996). These
hyperoxic and hypoxic states result, respectively,
from photosynthetic activity of Cyanobacteria
during the day and respiration at night (Narahara
et al. 1996). To deal with low oxygen
concentrations, in Magadi tilapia, haemoglobin
(the oxygen carrier protein) is adapted to extract
oxygen even at near anoxic conditions (Lykkeboe
etal. 1975). This is reflected in a blood with a very
high oxygen affinity (Narahara et al. 1996).
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stability (Franklin et al. 1994). Additionally, the
gills have a very high surface area and a rela-
tively thin water-to-blood diffusion barrier,
making their branchial diffusing capacity for
oxygen exceptionally high (Maina et al. 1996).
The Magadi tilapia has also developed a highly
vascularized physostomous swim bladder that
allows the fish to perform facultative air breath-
ing (Maina et al. 1995). A recent study observed
that air breathing occurs not only under hypoxia
but also under normoxic and hyperoxic
conditions (Johannsson et al. 2014). Since air
breathing was manifested more in fish exposed
to sunlight, the authors suggested that the
extremely high reactive oxygen species (ROS)
in Magadi water during the peak of the day
(Fig. 9.9) could irritate the gills, making air
breathing a potential adaptive strategy in Magadi
tilapia to avoid ROS damage (Johannsson
et al. 2014). Air breathing, however, is costly as
it may predispose the fish to greater risk of pre-
dation by birds (Johannsson et al. 2014; Narahara
et al. 1996). Nevertheless, it seems to be a key
adaptation uniquely exploited by Magadi tilapia
to survive in its adverse environment. More stud-
ies are, however, required to test this hypothesis.

Over the last two decades, several studies have
investigated the population genetic aspects of
Magadi tilapia. Seegers et al. (1999) used cyto-
chrome b and control region (D-loop) markers to
investigate the phylogenetic relationships of
Magadi tilapia, its three sister species (Natron
tilapia: A. alcalicus, A. ndalalani and
A. latilabris) and those of the closely related
genera  Oreochromis (0. niloticus and
0. amphimelas). Using both markers, Seegers
et al. (1999) found a common shared haplotype
in Lake Magadi and Lake Natron tilapia species.
They proposed that the common haplotype could
have been present in the ancestral fish population
that occupied the Paleolake Orolonga that split to
give rise to the present day Lake Natron and Lake
Magadi basins ~13,000 years ago (Burtzer
et al. 1972; Vincens and Casanova 1987; Roberts
et al. 1993). Wilson et al. (2004) obtained similar
results using the first hypervariable region of the
mitochondrial p-Loop. An earlier study that used
variable number tandem repeats (VNTRs), how-
ever, found significant differentiations between
the two populations of Magadi tilapia (Wilson
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FSL

SEL,SWL,WML

Fig. 9.10 Structure triangle plot showing the distribution of 259 Magadi tilapia samples collected in four isolated
lagoons of Lake Magadi: Fish Spring (FSL), South East (SEL), South West (SWL) and West Magadi (WML) Lagoons
and a single location in Little Magadi (LM). Each individual was genotyped at 10 microsatellite loci. The ancestry
(similarity) of the individuals was estimated under a model in which individuals can have mixed ancestry. For this data
set, the model with three populations (Little Magadi, Fish Spring Lagoon and the rest of Magadi) was highly supported.
Dots represent each individual and the colours represent the localities. LM is detached completely from the rest of
Magadi tilapia populations. FSL is also detached from the rest of Magadi tilapia but with a small distance compared
with LM (Kavembe et al. 2014). Individuals with moderate posterior support for having migrant parents are labelled

“1r_sy”

et al. 2000). In fact, these two populations were
as distinct from each other as they were from
samples of a Lake Natron tilapia population that
were analysed in the same study (Wilson
et al. 2000).

Most recently, Kavembe et al. (2014)
investigated the genetic structure of Magadi tila-
pia throughout its distribution range using a data
set of complete control region sequences and
10 microsatellite loci (Fig. 9.10). Except for the
population from Little Magadi, all the other
populations shared haplotypes. Little Magadi
had one main haplotype and a few other
haplotypes derived from this main haplotype
(Kavembe et al. 2014). Despite a rather extreme
environment, high levels of genetic variation
were inferred in Magadi tilapia by all markers,
in accord with the conclusions of earlier studies
(Seegers et al. 1999; Wilson et al. 2004). This
was interpreted to suggest an association of
Magadi tilapia to a large ancestral population
that may have inhabited the freshwater Paleolake
Orolonga (Seegers et al. 1999). Based on the
more variable microsatellite markers, the authors

inferred three genetic clusters of Magadi tilapia:
(1) Little Magadi cluster; (2) Fish Springs
Lagoon cluster and (3) Rest of Lake Magadi
cluster (Fig. 9.10) (Kavembe et al. 2014). Impor-
tantly, however, the genetic distance-based F
static, another measure of population differentia-
tion, found significant differences among all five
populations studied. These included differences
between three populations that had been grouped
into a single cluster by a Bayesian model-based
analysis (Fig. 9.10). Kavembe et al. (2014) pro-
posed that the presence of a land barrier and
impassable trona could limit the dispersal ability
of Magadi tilapia, leading to formation of the
distinct gene pools observed.

A question of great evolutionary importance
has been the origin of the proto-A. alcalicus
ancestral  population that seeded the
Magadi—Natron species flock (Seegers and
Tichy 1999; Tichy and Seegers 1999). Owing to
the close geographical proximity and similar
water conditions in the Magadi—Natron basin
and Lake Manyara, their species would be
expected to have a common ancestry. In fact,
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Table 9.2 Some differences between Lakes Magadi and Natron tilapia (genus Alcolapia) versus Lake Manyara tilapia

(Oreochromis amphimelas)

Character
Vertebrae
Scales lateral line
Dorsal spines Slender
Postorbital part of the head
Depth of preorbital bone Deep

Texture of preorbital bone Naked

Adopted from Trewavas (1983)

Trewavas (1983) reported the species shared
some characters such as low gill raker numbers,
absence of microbranchiospines and remarkably
small, thin scales on the chest, belly and nape.
But based on several striking differences
between O. amphimelas and the Alcolapia
genus (Table 9.2), she concluded that the two
were indeed separate groups. She proposed that
the shared characters may merely reflect the
occurrence of both species groups in similar
water conditions (Trewavas 1983). Other shared
characteristics among saline lake fish thought to
be associated with thermal and alkaline lake
conditions include: small sizes at maturity and
small maximum sizes, low number of vertebrae
relative to putative parental species and low
dorsal fin rays (Trewavas 1983).

A similar argument for independent evolution
of similar phenotypes in O. amphimelas and
members of the genus Alcolapia was put forward
by Nagl et al. (2001) and by Kavembe
et al. (2014). In these two studies, phylogenetic
reconstructions of tilapiines based on mitochon-
drial DNA sequences revealed a rather distant

relationship  of  Alcolapia  species  and
Oreochromis amphimelas (Kavembe
et al. 2014; Nagl et al. 2001). Several

Oreochromis species lineages appeared between
the branches leading to Alcolapia species and
Oreochromis amphimelas. Instead, Kavembe
et al. (2014), based on a phylogeny inferred
from a data set of the highly conserved mito-
chondrial ND2 sequences, found Oreochromis
(Nyasalapia) variabilis as the closest relative to

Alcolapia species
27-30 (mode 28)
27-30 (mode 27 or 28)

Often <50 %

Oreochromis amphimelas
30-32 (mode 31)

30-34 (mode 31-33)
Stout

Often >50 %

Shallow

Scaly

Alcolapia. O. variabilis is a species endemic to
Lake Victoria. Albrecht et al. (1968) reported
similar breeding pit shapes between Alcolapia
grahami and Oreochromis variabilis (Trewavas
1983). Lake Victoria is located more than
300 km away from the Magadi—Natron basin.
However, at the closest points, the lake basins
are separated by active volcanic rocks that could
be younger than the fish populations themselves
(Trewavas 1983). In a detailed revision of the
taxonomy of the Oreochromis and Sarotherodon
species, Trewavas (1983) noted the similarity in
the snout shape of Alcolapia and Oreochromis
variabilis. Nonetheless, the presence of tasselled
male genital papillae only in the males of
Oreochromis variabilis convinced her to retain
them as separate genera.

Trewavas (1983) suggested that high levels of
human-mediated dispersal of Oreochromis
variabilis could have facilitated colonization of
distant water bodies. In an experiment to test the
dispersal ability of the species, females were
captured and tagged at known brooding grounds
(Fryer and Iles 1972). After shedding their
young, the fish traversed long distances. In this
particular experiment, the furthest individual was
recaptured 28 days after tagging about 96 km
(~3.4 km per day) away from the point of release
(Fryer and Iles 1972). Nevertheless, given the
absence of obvious water links between Lake
Victoria and the Lake Magadi—Natron basin, the
proposed close relationship of their species raises
important questions as to the colonization history
of the Magadi—Natron basin.
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Fig. 9.11 The relationship
between the morphometric
oxygen-diffusing capacity
(DO2) of the gills and body
mass in a range of fish
species. Detailed data for
Alcolapia grahami (solid
line) and Oreochromis
niloticus (broken line) are
shown. In this comparison,
A. grahami displayed
superior DO2 (due to
relatively large gill size and
thin water-to-blood
diffusion distance,
followed closely by

O. niloticus), while all the
other fish except the tuna
had substantially lower
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9.9 Taxonomic and Morphological

Studies

The systematics and classification of Alcolapia,
the genus to which Magadi tilapia belongs, has
been contested by many systematists and
taxonomists (Seegers et al. 1999). Since the first
record of Magadi tilapia as Tilapia grahami
(Boulenger 1912) in the early twentieth century,
the species taxonomy has been revised several
times. Other names that have been used include:
Tilapia grahami (Boulenger 1912),
Sarotherodon alcalicus grahami (Boulenger
1912) and Oreochromis alcalicus grahami
(Boulenger 1912).  Alcolapia  grahami
(Boulenger 1912) is the currently accepted
name for Magadi tilapia (Seegers and Tichy
1999). Although all fish populations in the
Magadi basin are currently recognized as
Alcolapia grahami, the consistent occurrence of
a slanted mouth in the Little Magadi population
relative to a terminal mouth in the Lake Magadi
lagoon population calls for a close examination
of the species for other lake-specific differences
(Kavembe et al. 2014; Wilson et al. 2004).

10 100
W(g)

1000 10000

Most morphological studies on Magadi tilapia
have been on organs associated with its physiol-
ogy such as the gills, gas bladder and the gut. The
gills have been most studied owing to their
importance in excretion, ionoregulation and res-
piration in this species (Johannsson et al. 2014;
Laurent et al. 1995; Maina 1990, 1991; Maina
et al. 1996). Unique features of its gills include: a
relatively large number of mitochondria-rich
cells with a profuse intracytoplasmic microtubu-
lar network (Maina 1990, 1991), the presence of
accessory chloride cells (Laurent et al. 1995) and
a very high surface area and thin water-to-blood
diffusion distance, yielding a very high oxygen-
diffusing capacity (Fig. 9.11; Maina et al. 1996).
Interestingly, however, the presence of an
interlamellar cell mass (ILCM), which would
tend to restrict oxygen-diffusing capacity but
protect against the harsh external environment
was recently reported in fish in some lagoons
(Johannsson et al. 2014). Other studies on
Magadi tilapia have focused on the gut because
of its dual role in food processing and osmoregu-
lation (Bergman et al. 2003); the swim bladder
(Maina et al. 1996; Maina 2000a) because of its
role as an accessory air-breathing organ



248

G.D. Kavembe et al.

(Narahara et al. 1996); the epithelium of the
buccal cavity, both as a possible respiratory
structure (Maina et al. 1995) and a secretory
structure for nutrition of offspring (Maina
2000b); and the spermatozoa (Papah
et al. 2013). The spermatozoon was shown to
possess several adaptive morphological features
thought to enable its function in the lake’s
extreme water (Papah et al. 2013).

9.10 Behavioural Studies

Several aspects of behaviour in Magadi tilapia
have been described and may form a basis for
more in-depth studies. These include air breath-
ing and surface skimming, jumping out of water
to feed, fighting in males (Narahara et al. 1996),
feeding mainly during daylight hours (Bergman
et al. 2003), evasive actions from avian predators
and diurnal migrations within the lagoon systems
(Coe 1966, 1967). Additionally, Coe (1966)
provided extensive information on their repro-
ductive behaviour (see next section). Recently,
Johannsson et al. (2014) reported a form of coop-
erative social behaviour in which all individuals
that performed air breathing formed intact groups
that they referred to as pods. The authors noted
aggressive attacks on those fish that attempted to

Fig. 9.12 Ripe Magadi
tilapia males. Note the
white lips characteristic of
breeding males of these
species. Cyanobacteria,
which are the main diet of
Magadi tilapia, impart a
green hue on the pools
inhabited by fish. Magadi
tilapia photos courtesy of
Gudrun De Boeck

air breathe outside the pods. The negative social
interaction was useful in maintaining pod integ-
rity. This behaviour may also be adaptive by
minimizing chances of predation on
air-breathing individuals by fish-eating birds
(Johannsson et al. 2014).

9.11 Studies on Reproductive

Aspects

Magadi tilapia is a mouth-brooder (Coe 1966).
Breeding males and females display distinct
colours during the breeding period. The most
conspicuous feature is the fleshy brilliant white
coloration of the lower lip in males (Fig. 9.12).
Generally, however, both males and females dis-
play bright colours during courtship (Coe 1966).
The males build pits at the floor of the lagoons
and exhibit courtship behaviours similar to those
of other tilapias. Territorial behaviours among
males have been documented (Coe 1966). Bigger
males have been reported to invade and replace
young males from their breeding pits (Fryer and
Iles 1972). Females may mate with several
males, and a brood released by a single female
may therefore consist of babies sired by different
males (Trewavas 1983). In Fish Springs Lagoon,
females have been observed to deposit their
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young in small pools around the springs where
the water is cooler and is less concentrated with
salts (GD Kavembe and CM Wood, personal
observations). This may be a strategy to allow
the young fish to develop in less harsh
conditions. Alternately or additionally, it may
serve to protect the offspring from being eaten
by conspecifics, because snatching and foraging
of eggs and young from mouth-brooding females
by other fish of both sexes have been observed
(Coe 1966). This cannibalistic behaviour has also
been documented in Lake Natron cichlids
(Seegers and Tichy 1999) and in other mouth-
brooding cichlids (McKaye and Berge 1996).
Since the waterways leading to these “nursery
pools” are very shallow and exposed, this
behaviour involves air exposure of the brooding
females as they wriggle up to the pools. That
behaviour was observed only in the evening and
may be a female strategy to avoid the scorching
UV radiations, dehydration and predator attacks,
all of which would be higher during the day.
Other observers have also reported brooding
females voluntarily entering and remaining for
long periods in water as hot as 44 °C,
temperatures that are avoided by males and
non-brooding females (cf. Albrecht et al. 1968;
Fryer and Iles 1972).

Spermatogenesis in Magadi tilapia was
recently examined by Papah et al. (2013).
Despite the extreme conditions to which the fish
are exposed and the occurrence of external fertil-
ization (involving similar exposure of the
sperm), the males exhibited normal spermato-
genesis comparable to that of other mouth-
brooding tilapia. However, one particular spe-
cialization was the sidepiece, with no cytoplas-
mic sheath, which ends blindly distally in a lobe-
like pattern around the flagellum. The apparent
absence of the cytoplasm sheath and indistinct
side fins/ridges in the spermatozoa of the Magadi
tilapia compared to other cichlids may help
accelerate sperm swimming performance,
which could be of adaptive significance in the
harsh  environment.  Furthermore, Papah
et al. (2013) speculated that the presence of a
thin membrane heavily laden with a dark
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pigment on the parietal peritoneum of the male
could serve to protect the testis against high
levels of UV radiation.

9.12 Studies on Feeding

Only few studies have investigated food and
feeding habits of fish populations in EASL. It is
generally agreed that EASL support simple food
webs (Fig. 9.5), with complexity increasing with
decreasing salinity levels (Cooper and Wissel
2012; Harper et al. 2003). Owing to extreme
water conditions in these lakes, their algal
communities are restricted to a few species. The
dominant benthic algal species are Cyanobacteria
(notably Arthrospira platensis), and the pelagic
algal species are dominated by free-floating
Dunaliella spp. (Cooper and Wissel 2012). The
diversities of  zooplankton, large-bodied
crustaceans, birds and vertebrates are also lim-
ited (Melack 1996). Stomach content analysis of
Magadi tilapia revealed that it derives most of its
diet (90 %) from Cyanobacteria and a small but
significant proportion (10 %) from dipteran lar-
vae and copepods (Coe 1966; Johannsson
et al. 2014). The fish also obtain food from the
mud, especially in the southern lagoons with their
huge flamingo guano deposits. Coe (1966)
provides a vivid description of Magadi tilapia
feeding on Cyanobacteria. The fish fed within a
certain temperature gradient bounded by a browse
line. This browse line marked the maximum
temperatures (about 41 °C) the fish could with-
stand while browsing (Coe 1966, 1967). Feeding
was observed even in brooding females (Albrecht
1968). The species was also observed to display
cannibalistic behaviour. Young individuals
attempted to follow breeding females to collect
and eat the deposited eggs (Trewavas 1983). Non-
breeding conspecifics were also observed to snatch
and consume eggs and young from breeding
females (Coe 1966). More comprehensive studies
on the food and feeding habits of saline lake fishes
will provide information necessary for successful
fisheries management of the lakes.
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9.13 Studies on Diseases
and Parasites

Magadi tilapia, like many other fish species, is
susceptible to a range of diseases and parasites.
To date, however, no detailed studies have been
conducted on this important aspect of the fishes’
wellbeing. A single parasitic worm species,
Contracaecum multipapillatum (Drasche 1882),
has been found to infest Magadi tilapia
(Fig. 9.13) (John Maina, unpublished results).
The nematode resides in the pericardial cavity
(Fig. 9.13) but larval stages may be found in
tissues or abdomen (Floria et al. 2009). Fish-
eating birds that serve as definitive hosts for the
parasite have been proposed as the main vectors
for transmission from one water body to another.
Surprisingly, in an expedition undertaken
between July and August 2010,
C. multipapillatum worms were observed only
in fishes in Fish Spring Lagoon and were notably
absent in fishes from other lagoons (John Maina,
Geraldine D. Kavembe and Chris M. Wood, per-
sonal observations). This was the case despite an
apparent movement of birds between the
lagoons. This calls for further studies to deter-
mine the pattern, trends and possible vectors
involved in parasite transmission and the

prevalence of other diseases and parasites in
Magadi tilapia. Given the conditions in which
this tilapia subsists, the association between the
fish and the nematode provides a model to study
host-parasite coevolution in stressful
environments. The expectation would be that
this nematode would acquire local adaptations
to their host. Since the nematode has also been
reported in closely related tilapia species in
freshwater lakes (Floria et al. 2009), comparisons
of fish and worms from both systems would also
be worthwhile.

9.14 Conservation Challenges
for Saline Lake Fish

9.14.1 Climatic Change and Declining
Water Quality

Very probably, fish in EASL are highly impacted
by the ongoing global climate changes in their
shallow saline basins, where they are exposed to
increasing temperatures, salinity and high levels
of UVB radiation. Lake fragmentation and sali-
nization of habitable sections may reduce refuge
sites for the fish. This may subsequently lead to

-
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Fig. 9.13 Magadi tilapia (Alcolapia grahami) from Fish Spring Lagoon infested by the nematode Contracaecum
multipapillatum. The parasitic worm resides in the pericardial cavity. Photo courtesy of John Maina
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the disappearance of the populations. In recent
years, soda lakes have been exploited for soda
ash extraction, water extraction for agriculture
and geothermal power generation and have
become sites of active development. These
human-mediated activities are associated with
pollution and a decline of water quality, posing
great challenges to the long-term existence of
saline lake fisheries.

9.14.2 Migration and Movement

Saline lakes and their fish stretch across jurisdic-
tional boundaries; often their occurrence and
movement cut across political boundaries. This
raises trans-boundary issues of mutual concern
among the member states involved. Although the
greatest portion of Lake Turkana lies in Kenya,
most of its inflow (90 %) comes from the Omo
River in Ethiopia (Avery 2010; Muska
et al. 2012). Lake Natron, Tanzania, receives its
major freshwater inflow from the Ewaso Nyiro
River in Kenya. Proposals by the Ethiopian and
Kenyan governments to dam the waters of the
Rivers Omo (Ojwang et al. 2010) and Ewaso
Nyiro, respectively, have raised concerns
among conservationists over the effects both
projects may have on biodiversity of those
lakes. Clearly, there is need for countries to
develop policies that ensure equitable sharing
and conservation of lake resources. However,
history has shown that cooperative management
of trans-boundary resources is hindered by lack
of common laws among member states. Another
challenge to such mutual agreements is that too
many institutional players are involved. This
complicates formulating conservation strategies.
Delineation of the movements of fish in EASL is
also important in determining the dispersal abil-
ity and distribution ranges of individual species.
Such information is in turn wuseful for
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conservation purposes and for assessing the
effects of various species interactions.

9.14.3 Competing Interests

The need to strike a balance between economic
development and conservation of wetlands
remains a thorny issue among key stakeholders.
For a long time, EASL have sustained the subsis-
tence livelihood of the surrounding communities.
In turn, the communities have protected the lakes
to ensure a continued supply of their resources.
In recent years, however, there has been an influx
of local and foreign-owned companies into the
saline lakes. For instance, there have been
concerns that construction of the proposed Gibe
3 hydroelectric dam on the Omo River by the
Ethiopian government may alter the river’s sea-
sonal flooding cycle (Ojwang et al. 2010). This
may irreversibly change Lake Turkana, whose
major water input comes from River Omo. Dwin-
dling water resources in Lake Turkana have been
shown to contribute to conflicts among farmers,
pastoralists and fishermen who depend on the
lake’s water (Yongo et al. 2010). Lakes Abijata
and Magadi are heavily mined for soda ash
(Hughes 2008). Recently there was a proposal
to establish a similar mining plant in Lake
Natron. Many of the projects are executed fol-
lowing government approvals or by the
governments themselves without full consider-
ation of the potential impacts on fish populations
or general aquatic ecosystem health. Drawing
lessons from other studies, however, such
projects may irreversibly destroy  fish
communities through pollution, loss of gene
pools, habitat fragmentation and destruction
(Avery 2010; Roberts 1993). Perceived benefits
from such projects, e.g. employment creation and
improved livelihoods, may further contribute to
the socioeconomic gap between development
and conservation.
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9.14.4 Adverse Effects of Introducing
Other Fish Species into Saline
Lakes

Although saline lakes have been least affected by
human-mediated species introductions, several
alien species have been introduced in some saline
lakes. The introduction of Magadi tilapia to Lake
Nakuru during the period 1952—-1962 to control
mosquitoes is probably the best-known case
(Vareschi 1979). The species has also been
introduced to Lake Elementaita (Okeyo 2006).
Other species introductions have also been
reported in Lake Turkana. A good example of the
detrimental effects of fish introductions to saline
lakes is the case of Lake Chilotes in Ethiopia
(Brook 1994). Lake Chilotes was a typical saline
lake until 1990, when a government initiative
through the Ministry of Agriculture diverted
River Mori into the lake in an attempt to increase
water for irrigation (Brook 2003). Consequently,
the salinity of the lake dropped, favouring coloni-
zation by three Barbus species from River Mori.
The introduced species have since led to a marked
decrease of Lake Chilotes’ native O. niloticus spe-
cies (Brook 2003). In general such introductions
risk destabilizing existing ecosystems.

9.15 Conclusion

The future of saline lakes and their fish
populations in East Africa remain uncertain. In
some cases, prompt interventions may be
required to save the remaining local populations
from extinction. This would require extensive
surveys to collect data on species composition,
distribution, life history traits and other aspects
of individual fish populations. We therefore hope
that the present information will serve as a guide
in formulating conservation plans. As already
shown in some alkaline lakes (e.g. Lake
Turkana) (Kolding 1989; Hopson 1982), EASL
can support more fish species than they normally
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contain. Given the challenges and threats
associated with introducing alien fish species in
EASL, we recommend management and conser-
vation strategies aimed at preserving native fish
populations. In lakes that have lost their fish
populations or have no known fish populations
of their own, introduction of fish from localities
naturally connected to the lake in question may
be an option. However, caution should be taken
to ensure that only species with a high probabil-
ity of survival and recruitment are introduced to
EASL to maximize colonization success. Other
important aspects to consider before such
introductions include: food availability, disease
and vectors, as well as the effects the fish may
have on other components of the target lake’s
ecosystem.

Management and conservation of EASL and
their fish populations require the commitment
of multiple stakeholders including local
communities, fisheries managers, scientists,
regional and national governments and the inter-
national community at large. In particular, the
East African Community should formulate and
enforce strict policies and laws to govern utiliza-
tion, management and conservation of EASL
resources. Strategies aimed at forging a good
working relationship among all potential users
would be a major step towards a realistic and
sustainable conservation framework.

Acknowledgement This work was supported by various
grants. GDK is supported by a collaborative scholarship
grant from the Deutscher Akademischer Austausch Dienst
(DAAD) and Kenyan Ministry of Education, Science and
Technology (MOEST). AM is supported by the Univer-
sity of Konstanz, grants of the Deutsche Forschungsge-
meinschaft and the European Research Council. CMW is
supported by the Canada Research Chair Program and
grants from the Natural Sciences and Engineering
Research Council of Canada (NSERC). We thank Papah
Babak, Ora Johannsson, Daniel Msafiri Shayo and Ayub
Oduor for useful discussions during the preparation of this
manuscript. We appreciate the logistical support by Tata
Chemicals Magadi (formerly Magadi Soda Company)
during several research expeditions in which some of the
observations and data reported in the chapter were
collected.



9 Fish Populations in East African Saline Lakes

References

Alamanov A, Mikkola H (2011) Biodiversity friendly
fisheries management possible on Issyk-Kul Lake in
the Kyrgyz Republic? Ambio 40:479—495

Albrecht H (1968) Freilandbeobachtungen an Tilapien
(Pisces: Cichlidae) in Ostafrika. Z Tierpsychol
25:377-394

Albrecht H, Apfelbach R, Wickler W (1968) Uber die
Eigenstandigkeit der Art Tilapia grahami Boulenger,
ihren Grubenbau und die Zucht in reinem SiiBwasser
(Pisces, Cichlidae). Senck Biol 49:107-111

Avery S (2010) Hydrological impacts of Ethiopia’s Omo
basin on Kenya’s Lake Turkana water levels and
fisheries. Final report prepared for the African Devel-
opment Bank, Tunis. http://www.atdb.org/. Accessed
23 Feb 2014

Bergman AN, Laurent P, Otiang’a-Owiti G, Bergman HL,
Walsh PJ, Wilson P, Wood CM (2003) Physiological
adaptations of the gut in the Lake Magadi tilapia,
Alcolapia grahami, and alkaline and saline adapted
fish. Comp Biochem Physiol A 136:701-715

Boulenger GA (1912) On a collection of fishes made by
Mr. A. Blayney Percival in British East Africa to the
East of Lake Baringo. Proc Zool Soc Lond
1912:672-676

Brauner CJ, Gonzalez RJ, Wilson JM (2013) Extreme
environments: hypersaline, alkaline and ion poor
waters. In: McCormick SD, Farrell A, Brauner CJ
(eds) Fish physiology, vol 32. Academic, Boca
Raton, pp 435-476

Brook L (1994) Changes in the limnological behavior of a
tropical African explosion crater lake: L. Hora-Kilole,
Ethiopia. Limnologica 24:57-70

Brook L (2003) Ecological changes of two Ethiopian
lakes as caused by contrasting human interventions.
Limnologica 33:44-53

Burtzer KW, Isaac GL, Richardson JL, Washbourn KC
(1972) Radiocarbon dating of East African Lake
levels. Science 175:1069-1076

Bwathondi POJ (2002) Fish diversity of the wild and
aquaculture water bodies in Singida Region.
Tanzania Fisheries Research Institute (TAFIRI),
Dar es Salaam, Tanzania. http://aquaticcommons.org/
4516/1/Bwathondi.pdf. Accessed 4 Mar 2014

Bwathondi POJ, Ngatunga BP, Mwambungu JA (2000)
Biodiversity of the aquatic fauna of Tarangire river
and Lake Manyara catchment basin, Tanzania.
Unpublished consultancy report to WWF

Coe MJ (1965) Tilapia grahami Boulenger. A study in
environmental extremes. J Appl Ecol 2:414

Coe MJ (1966) The biology of Tilapia grahami Boulenger
in Lake Magadi, Kenya. Acta Trop 23:146-177

Coe MIJ (1967) Local migration of Tilapia grahami
Boulenger in Lake Magadi, Kenya in response to
diurnal temperature changes in shallow water. Afr J
Ecol 5:171-174

253

Cole GA (1994) Text book of limnology, 4th edn.
Waveland Press, Prospect Heights

Coleman HE, Johnson VK (1988) Summary of trout man-
agement at Pyramid Lake, Nevada with emphasis on
Lahontan cutthroat trout, 1954—-1987. Am Fish Soc
Symp 4:107-115

Constanza R (1997) The value of the world’s ecosystem
services and natural capital. Nature 387:253-260

Cooper RN, Wissel B (2012) Interactive effects of chem-
ical and biological controls on food-web composition
in saline prairie lakes. Aquat Biosyst 8:29. doi:10.
1186/2046-9063-8-29

Cossins AR, Crawford DL (2005) Opinion — fish as
models for environmental genomics. Nat Rev Genet
6:324-333

Eddy FB, Maloiy GMO (1984) Ionic content of body
fluids and sodium efflux in Oreochromis alcalicus
grahami, a fish living at temperatures above 30 °C
and in conditions of extreme alkalinity. Comp
Biochem Physiol A 78:359-361

Eddy FB, Bamford OS, Maloiy GMO (1981) Na™ and CI~
effluxes and ionic regulation in Tilapia grahami, a fish
living in conditions of extreme alkalinity. J Exp Biol
91:349-353

El-Shafai SA, El-Gohary FA, Nasr FA, van der Steen NP,
Gijzen HJ (2004) Chronic ammonia toxicity to
duckweed-fed tilapia (Oreochromis niloticus). Aqua-
culture 232:117-127

El-Zaeem SY, Ahmed MM, Salama ME, Darwesh DMF
(2012) Production of salinity tolerant tilapia through
interspecific hybridization between Nile tilapia
(Oreochromis niloticus) and red tilapia (Oreochromis
sp.). Afr J Agric Res 7:2955-2961

El-Zaeem SY, Ahmed MM, Salama ME, El-Maremie HA
(2013) Production of salinity tolerant Nile tilapia,
Oreochromis niloticus through traditional and modern
breeding methods: II. Application of genetically
modified breeding by introducing foreign DNA into
fish gonads. Afr J Biotechnol 10:684-695

Ferguson AJD, Harbott BJ (1982) In: Hopson AJ
(ed) Geographical, physical and chemical aspects of
lake Turkana. Overseas Development Administration,
London, vol 1, pp 1-107

Floria D, Gustenelli A, Caffara M, Turci F, Quaglio F,
Konecny R, Nilowitz T, Wathuta EM, Magana A,
Otachi EO, Matolla GK, Warugu HW, Liti D,
Mbaluka R, Thiga B, Munguti J, Akoll P,
Mwanja W, Asaminew K, Tadesse Z, Fioravanti ML
(2009) Veterinary and public health aspects in tilapia
(Oreochromis niloticus) aquaculture in Kenya,
Uganda and Ethiopia. Ittiopatologia 6:51-93

Franklin CE, Crockford T, Johnston IA, Kamunde C
(1994) The thermostability of hemoglobins from the
hot-spring fish Oreochromis alcalicus ~grahami:
comparisons with Antarctic and temperate species. J
Thermal Biol 19:277-280

Franklin CE, Crockford T, Johnston IA, Kamunde C
(1995) Scaling of oxygen consumption in Lake


http://www.afdb.org/
http://aquaticcommons.org/4516/1/Bwathondi.pdf
http://aquaticcommons.org/4516/1/Bwathondi.pdf
http://dx.doi.org/10.1186/2046-9063-8-29
http://dx.doi.org/10.1186/2046-9063-8-29

254

Magadi tilapia, Oreochromis alcalicus grahami: a fish
living at 37 °C. J Fish Biol 46:829-834

Frisch D, Green AJ, Figuerola J (2007) High dispersal
capacity of a broad spectrum of aquatic invertebrates
via waterbirds. J Aquat Sci 69:568-574

Froese R, Pauly D (2014) FishBase. World Wide Web
electronic publication. www.fishbase.org. Accessed
Feb 2014

Fryer G, Iles TD (1972) The cichlid fishes of the great
lakes of Africa. Their biology and evolution. Oliver
and Boyd, Edinburgh

Getahun A, Lazara KJ (2001) Lebias stiassnyae: a new
species of Kkillifish from Lake Afdera, Ethiopia
(Teleostei: Cyprinodontidae). Copeia 2001:150-153

Getahun A, Stiassny MLJ (1998) The freshwater biodi-
versity crisis: the case of the Ethiopian fish fauna.
SINET Ethiop J Sci 21:207-230

Githaiga JM (1997) Utilization patterns and inter-lake
movements of the lesser flamingo and their conserva-
tion in the saline lakes of Kenya. In: Howard G
(ed) Conservation of the lesser flamingo in Eastern
Africa and beyond Nairobi. IUCN, Kenya, pp 11-21

Goerner A, Jolie E, Gloaguen R (2009) Non-climatic
growth of the saline Lake Beseka, Main Ethiopian
Rift. J Arid Environ 73:287-295

Golubtsov AS, Dgebuadze YY, Mina MV (2002) Fishes
of the Ethiopian rift valley. In: Tudorancea C, Taylor
WD (eds) Ethiopian rift valley lakes, Biology of
inland water series. Backhuys, Leiden, pp 167-258

Grant WD (2004) Introductory chapter: half a lifetime in
soda lakes. In: Ventosa A (ed) Halophilic
microorganisms. Springer, Heidelberg, pp 17-22

Hammer TU (1986) Saline lake ecosystems of the world.
Dr. W. Junk, Dordrecht

Harper DM, Childress RB, Harper MM, Boar RR,
Hickley P, Mills SC, Otieno N, Drane T, Vareschi T,
Nasirwa O, Mwatha WE, Darlington JPEC, Escute-
Gasulla X (2003) Aquatic biodiversity and saline
lakes: Lake Bogoria National Reserve, Kenya.
Hydrobiologia 500:259-276

Herbst DB (2001) Gradients of salinity stress, environ-
mental stability and water chemistry as a template
for defining habitat types and physiological
strategies in inland salt waters. Hydrobiologia
466:209-219

Hilgendorf FM (1905) Fische von Deutsch und Englisch
Ost-Afrika, gesammelt von Oskar Neumann,
1893-1895. Zool Jahrb Abt Syst Geogr Biol Tiere
22:405-418

Hopson AJ (1982) Lake Turkana. A report on the findings
of the Lake Turkana project 1972-1975, vol 1-6.
Overseas Development Administration, London,
p 1614

Hughes L (2008) Mining the Maasai Reserve: the story of
Magadi. J East Afr Stud 2:134-164

Hughes RH, Hughes JS (1992) A directory of African
wetlands. TUCN/UNEP/WCMC, Gland/Nairobi/
Cambridge

G.D. Kavembe et al.

Issar AS (2003) Climate changes during the Holocene and
their impact on hydrological systems. Cambridge Uni-
versity Press, Cambridge

Jellison R (2005) IX International conference on salt lake
research: research opportunities and management
challenges. Saline Syst 1:12

Jellison R, Zadereev YS, DasSarma PA, Melack JM, Rosen
MR, Degermendzhy AG, DasSarma S, Zambrana G
(2004) Conservation and management challenges of
saline lakes: a review of five experience briefs. Lake
Basin Management Initiative. Thematic Paper 1-28

Johannsson OE, Bergman HL, Wood CM, Laurent P,
Kavembe DG, Bianchini A, Maina JN, Chevalier C,
Bianchini LF, Papah MB, Ojoo RO (2014) Air breath-
ing in Magadi tilapia Alcolapia grahami, under
normoxic and hyperoxic conditions, and the associa-
tion with sunlight and reactive oxygen species. J Fish
Biol 84:844-863

Johansen K, Maloiy GM, Lykkeboe G (1975) A fish in
extreme alkalinity. Respir Physiol 24:159-162

Johnson TC, Malala JO (2009) Lake Turkana and its link
to the Nile. In: Dumond HJ (ed) The Nile: origin,
environments, limnology and human use. Springer,
New York, p 818

Johnston IA, Guderley H, Franklin CE, Crockford T,
Kamunde C (1994) Are mitochondria subject to evo-
lutionary temperature adaptation? J Exp Biol
195:293-306

Kallgvist T, Lien L, Liti D (1988) Lake Turkana — limno-
logical study 1985-1988. Norwegian Institute for
Water Research (NIVA), Kenya Marine and Fisheries
Institute

Kamal AMM, Mair GC (2005) Salinity tolerance in supe-
rior genotypes of tilapia, Oreochromis niloticus,
Oreochromis mossambicus and their hybrids. Aqua-
culture 247:189-201

Kavembe GD, Machado-Schiaffino G, Meyer A (2014)
Pronounced genetic differentiation of small, isolated
and fragmented tilapia populations inhabiting the
Magadi soda lake in Kenya. Hydrobiologia 739:55-71

Kolding J (1989) The fish resources of Lake Turkana and
their environment. Thesis for the Cand. Scient. degree
in fisheries biology and final report of KEN 043 Trial
Fishery 1986-1987. University of Bergen, Norway,
Report to NORAD, Oslo

Kolding J (1995) Changes in species composition and fish
populations in Lake Turkana. In: Pitcher TJ, Hart BH
(eds) The impact of species changes in African lakes,
vol 18, Fish and fisheries series. Chapman and Hall,
New York, pp 335-363

Laurent P, Maina JN, Bergman HL, Narahara AN, Walsh
PJ, Wood CM (1995) Gill structure of a fish from an
alkaline lake: effect of short-term exposure to neutral
conditions. Can J Zool 73:1170-1181

Legesse D, Gasse F, Radakovitch O, Vallet-Coulomb C,
Bonnefille R, Verschuren D, Gibert E, Barker P (2002)
Environmental changes in a tropical lake (Lake
Abiyata, Ethiopia) during recent centuries.
Palaeogeogr Palaeoclim Palaeoecol 187:233-258


http://www.fishbase.org/

9 Fish Populations in East African Saline Lakes

Lindley TE, Scheiderer CL, Walsh PJ, Wood CM,
Bergman HL, Bergman AN, Laurent P, Wilson P,
Anderson PM (1999) Muscle as a primary site of
urea cycle enzyme activity in an alkaline lake-adapted
tilapia, Oreochromis alcalicus grahami. J Biol Chem
274:29858-29861

Lykkeboe G, Johanson K, Maloiy GMO (1975) Func-
tional properties of hemoglobins in the teleost Tilapia
grahami. J Comp Physiol 104:1-11

Maina JN (1990) A study of the morphology of the gills of
an extreme alkalinity and hyperosmotic adapted tele-
ost Oreochromis alcalicus grahami (Boulenger) with
particular emphasis on the ultrastructure of the chlo-
ride cells and their modifications with water dilution.
Anat Embryol 181:83-98

Maina JN (1991) A morphometric analysis of chloride
cells in the gills of the teleosts Oreochromis alcalicus
and Oreochromis niloticus and a description of pre-
sumptive urea-excreting cells in O. alcalicus. J Anat
175:131-145

Maina JN (2000a) Functional morphology of the
gas-gland cells of the air-bladder of Oreochromis
alcalicus grahami (Teleostei: Cichlidae): an ultra-
structural study on a fish adapted to a severe, highly
alkaline environment. Tissue Cell 32:117-132

Maina JN (2000b) The highly specialized secretory epi-
thelium in the buccal cavity of the alkalinity adapted
Lake Magadi cichlid, Oreochromis alcalicus grahami
(Teleostei: Cichlidae): a scanning and transmission
electron microscope study. J Zool 251:427—438

Maina JN, Wood CM, Narahara A, Bergman HL,
Laurent P, Walsh PJ (1995) Morphology of the swim
bladder of a cichlid teleost: Oreochromis alcalicus
grahami (Trewavas 1983), a fish adapted to a
hyperosmotic, alkaline and hypoxic environment: a
brief outline of the structure and function of the
swim bladder. In: Munshi JS, Dutta HM (eds)
Horizons of new research in fish morphology in the
20th century. Oxford and IBH, New Delhi, pp
179-192

Maina JN, Kisia SM, Wood CM, Narahara A, Bergman
HL, Laurent P, Walsh PJ (1996) A comparative allom-
etry study of the morphology of the gills of an alkaline
adapted cichlid fish, Oreochromis alcalicus grahami
of Lake Magadi, Kenya. Int J Salt Lake Res 5:131-156

Maloiy GMO, Lykkeboe G, Johansen K, Bamford OS
(1978) Osmoregulation in Tilapia grahami: a fish in
extreme alkalinity. In: Schmidt-Nielsen K, Bolis L,
Maddrell SHP (eds) Comparative physiology: water,
ions and fluid mechanics. Cambridge University Press,
Cambridge, pp 229-238

McKaye KR, van den Berghe EP (1996) Specialized egg
feeding behavior by African and Central American
cichlids. Ichthyol Explor Freshw 7:143-148

Melack JM (1996) Saline and freshwater lakes of the
Kenyan rift valley. In: McClanahan TR, Young TP
(eds) East African ecosystems and their conservation.
Oxford University Press, New York, pp 171-190

255

Mugisha AG, Nhwani LB, Daffa MJ, Howell K (1993)
Evaluation of selected wetlands for identification of
one wetland to be dedicated to the Ramsar Convention
by the Tanzania Government. In: Technical Report
submitted to National Environment and Management
Council (NEMC) Tanzania

Muska M, Vasek M, Modry D, Jirki M, Ojwang WO,
Malala JO, Kubecka J (2012) The last snapshot of
natural pelagic fish assemblage in Lake Turkana,
Kenya: a hydroacoustic study. J Great Lakes Res
38:98-106

Nagl S, Tichy H, Mayer WE, Takezaki N, Takahata N,
Klein J (2001) The origin and age of haplochromine
fishes in Lake Victoria, East Africa. Proc R Soc B
267:1049-1061

Narahara A, Bergman HL, Laurent P, Maina JN, Walsh
PJ, Wood CM (1996) Respiratory physiology of the
Lake Magadi tilapia (Oreochromis alcalicus
grahami), a fish adapted to a hot, alkaline, and fre-
quently hypoxic environment. Physiol Zool
69:1114-1136

Oduor SO, Schagerl M (2007) Temporal trends of ion
contents and nutrients in the three Kenya rift valley
saline-alkaline lakes and their influence on phyto-
plankton biomass. Hydrobiologia 548:59-68

Ojwang WO, Ojuok JE, Omondi R, Malala J, Abila R,
Ikmat P (2010) Impacts of river impoundments: the
case of hydro power projects on Omo River of Lake
Turkana. SAMAKI News, Department of Fisheries,
Kenya, vol 6, pp 26-28

Okeyo DO (2006) On the distribution of fishes of the
Kenya’s Great Rift Valley drainage system. Discov
Innov 18:141-159

Olaka LA, Odada EO, Trauth MH, Olago DO (2010) The
sensitivity of East African rift lakes to climate
fluctuations. J Paleolimnol 44:629—644

Papah MB, Kisia SM, Ojoo RO, Makanya AN, Wood
CM, Kavembe GD, Maina JN, Johannsson OE,
Bergman HL, Laurent P, Chevalier C, Bianchini A,
Bianchini LF, Onyango DW (2013) Morphological
evaluation of spermatogenesis in Lake Magadi tilapia
(Alcolapia grahami): a fish living on the edge. Tissue
Cell 45:371-382

Portner HO, Schulte PM, Wood CM, Schiemer F (2010)
Niche dimensions in fishes: an integrative view.
Physiol Biochem Zool 83:808-826

Ramsar (2014) Ramstar site list. http://www.ramsar.org/
pdffsitelist.pdf. Accessed 15 Mar 2014

Randall DJ, Wood CM, Perry SF, Bergman HL, Maloiy
GMO, Mommsen TP, Wright PA (1989) Urea excre-
tion as a strategy for survival in a fish living in a very
alkaline environment. Nature 337:165-166

Reite OB, Maloiy GMO, Aasehaug B (1974) pH, salinity
and temperature tolerance of Lake Magadi tilapia.
Nature 274:315-316

Roberts TR (1993) Just another dammed river? Negative
impacts of Pak Mun Dam on fishes of the Mekong
basin. Nat Hist Bull Siam Soc 41:105-133


http://www.ramsar.org/pdf/sitelist.pdf
http://www.ramsar.org/pdf/sitelist.pdf

256

Roberts N, Taieb M, Barker P, Damnati B, Icole M,
Williamson D (1993) Timing of the younger Dryas
event in East Africa from lake-level changes. Nature
366:146-148

Sala OE, Chapin FS, Armesto JJ, Berlow E, Bloomfield J,
Dirzo R, Huber-Sanwald E, Huenneke LF, Jackson RB,
Kinzig A, Leemans R, Lodge DM, Mooney HA,
Oesterheld M, Poff NL, Sykes MT, Walker BH,
Walker M, Wall DH (2000) Global biodiversity
scenarios for the year 2100. Science 287:1770-1774

Seegers L, Tichy H (1999) The Oreochromis alcalicus
flock (Teleostei: Cichlidae) from Lakes Natron and
Magadi, Tanzania and Kenya, with descriptions of
two new species. Ichthyol Explor Freshw 10:97-146

Seegers L, Sonnenberg R, Yamamoto R (1999) Molecular
analysis of the Alcolapia flock from Lakes Natron and
Magadi, Tanzania and Kenya (Teleostei: Cichlidae),
and implications for their systematics and evolution.
Ichthyol Explor Freshw 10:175-199

Seegers L, De Vos L, Okeyo DO (2003) Annotated check-
list of the freshwater fishes of Kenya (excluding the
lacustrine haplochromines from Lake Victoria). J East
Afr Nat Hist 92:11-47

Skadhauge E, Lechene CP, Maloiy GMO (1980) Tilapia
grahami: role of intestine in osmoregulation under
conditions of extreme alkalinity. In: Lahlou B
(ed) Epithelial transport in the lower vertebrates.
Cambridge University Press, Cambridge, pp 133-142

Sosa-Lopez A, Mouillot D, Ramos-Miranda J, Flores-
Hernandez D, Do Chi T (2007) Fish species richness
decreases with salinity in tropical coastal lagoons. J
Biogeogr 34:52-61

Street-Perrott FA, Roberts N (1983) Fluctuations in
closed-basin lakes as an indicator of past atmospheric
circulation patterns. In: Street-Perrott A, Beran M,
Ratcliffe R (eds) Variations in the global water bud-
get. Reidel, Dordrecht, pp 331-345

Thieme ML, Abell R, Burgess N, Lehner B, Dinerstein E,
Olson D, Teugels G, Kamdem-Toham A, Stiassny
MLIS, Skelton P (2005) Freshwater ecoregions of
Africa and Madagascar: a conservation assessment.
Island Press, Washington, DC

Tichy H, Seegers L (1999) The Oreochromis alcalicus
flock (Teleostei: Cichlidae) from lakes Natron and
Magadi, Tanzania and Kenya, a model for the evolu-
tion of “new” species flocks in historical times?
Ichthyol Explor Freshw 10:147-174

Tobler M, Plath M (2011) Living in extreme habitats. In:
Evans J, Pilastro A, Schlupp I (eds) Ecology and
evolution of poeciliid fishes. University of Chicago
Press, Chicago, pp 120-127

Trewavas E (1983) Tilapiine fishes of the genera
Sarotherodon, Oreochromis and Danakilia. British
Museum of Natural History, London

Vareschi E (1979) The ecology of Lake Nakuru (Kenya).
II. Biomass and spatial distribution of fish (Tilapia
grahami  Boulenger = Sarotherodon  alcalicum
grahami Boulenger). Oecologia 37:321-325

G.D. Kavembe et al.

Verschuren D (1996) Comparative palaeolimnology in a
system of four shallow, climate-sensitive tropical
lake basins. In: Johnson TC, Odada E (eds) The
limnology, climatology and palaeoclimatology of
the east African lakes. Gordon and Breach, Newark,
pp 559-572

Verschuren D, Tibby J, Sabbe K, Roberts N (2000)
Effects of depth, salinity, and substrate on the inverte-
brate community of a fluctuating tropical lake. Ecol-
ogy 81:164-182

Vincens A, Casanova J (1987) Modern background of
Natron-Magadi Basin (Tanzania-Kenya): physiogra-
phy, climate, hydrology and vegetation. Sci Geol
Bull 40:9-22

Walsh PJ, Bergman HL, Narahara A, Wood CM, Wright
PA, Randall DJ, Maina JN, Laurent P (1993) Effects
of ammonia on survival, swimming, and activities of
enzymes of nitrogen metabolism in the Lake Magadi
tilapia Oreochromis alcalicus grahami. J Exp Biol
180:323-327

Walsh PJ, Heitz M, Campbell CE, Cooper GJ, Medina M,
Wang YS, Goss GG, Vincek V, Wood CM, Smith CP
(2000) Molecular identification of a urea transporter in
gills of the ureotelic gulf toadfish (Opsanus beta). J
Exp Biol 203:2357-2364

Walsh PJ, Grosell M, Goss GG, Bergman HL, Bergman
AN, Wilson P, Laurent P, Alper SL, Smith CP,
Kamunde C, Wood C (2001) Physiological and
molecular characterization of urea transport by the
gills of the Lake Magadi tilapia (Alcolapia grahami).
J Exp Biol 204:509-520

White TH (1953) Some speculations on the sudden occur-
rence of floods in the history of Lake Magadi. J East
Afr Nat Hist 22:69-71

Williams WD (2002) Environmental threats to salt lakes
and the likely status of inland saline ecosystems in
2025. Environ Conserv 29:154-167

Williams WD, Boulton AJ, Taaffe RG (1990) Salinity as a
determinant of salt lake fauna: a question of scale.
Hydrobiologia 381:191-201

Wilson PJ, Wood CM, Maina JN, White BN (2000)
Genetic structure of Lake Magadi tilapia populations.
J Fish Biol 56:590-603

Wilson PJ, Wood CM, Walsh PJ, Bergman AN, Bergman
HL, Laurent P, White BN (2004) Discordance
between genetic structure and morphological, ecolog-
ical, and physiological adaptation in Lake Magadi
tilapia. Physiol Biochem Zool 77:537-555

Wood CM, Perry SF, Wright PA, Bergman HL, Randall
DJ (1989) Ammonia and urea dynamics in the Lake
Magadi tilapia, a ureotelic teleost fish adapted to an
extremely alkaline environment. Respir Physiol
77:1-20

Wood CM, Bergman HL, Laurent P, Maina JN,
Narahara A, Walsh PJ (1994) Urea production, acid-
base regulation, and their interactions in the Lake
Magadi tilapia, a unique teleost adapted to a highly
alkaline environment. J Exp Biol 189:13-36



9 Fish Populations in East African Saline Lakes

Wood CM, Wilson PW, Bergman HL, Bergman AN,
Laurent P, Otiang’a-Owiti G, Walsh PJ (2002a)
Iono-regulatory strategies and the role of urea in the
Magadi tilapia (Alcolapia grahami). Can J Zool
80:503-515

Wood CM, Wilson PW, Bergman HL, Bergman AN,
Laurent P, Otiang’a-Owiti G, Walsh PJ (2002b) Oblig-
atory urea production and the cost of living in the
Magadi tilapia revealed by acclimation to reduced salin-
ity and alkalinity. Physiol Biochem Zool 75:111-122

Wood CM, Bergman HL, Bianchini A, Laurent P, Maina J,
Johannsson OE, Bianchini LF, Chevalier C, Kavembe
GD, Papah MB, Ojoo RO (2012) Transepithelial poten-
tial in the Magadi tilapia, a fish living in extreme alka-
linity. J Comp Physiol 182:247-258

Wood CM, Nawata CM, Wilson JM, Laurent P,
Chevalier C, Bergman HL, Bianchini A, Maina JN,
Johannson OE, Bianchini LF, Kavembe GD, Papah
MB, Ojoo RO (2013) Rh proteins and NH,*-activated
Na*ATPase in the Magadi tilapia (Alcolapia
grahami), a 100 % ureotelic teleost fish. J Exp Biol
216:2998-3007

World Heritage Sites (2014). http://whc.unesco.org/en/
list/1060. Accessed 15 Mar 2014

Wright PA, Fyhn JH (2001) Ontogeny of nitrogen metab-
olism and excretion. In: Anderson PA, Wright PA

257

(eds) Fish physiology, vol 20. Academic, Orlando,
pp 149-200

Wright PA, Wood CM (2009) A new paradigm for ammo-
nia excretion in aquatic animals: role of Rhesus
(Rh) glycoproteins. J Exp Biol 212:2303-2312

Wright PA, Perry SF, Randall DJ, Wood CM, Bergman H
(1990) The effects of reducing water pH and total CO,
on a teleost fish adapted to an extremely alkaline
environment. J Exp Biol 151:361-369

Yanda PZ, Madulu NF (2005) Water resource manage-
ment and biodiversity conservation in the Eastern rift
valley lakes, Northern Tanzania. Phys Chem Earth
Part A/B/C 30:717-725

Yongo EO, Abila RO, Lwenya C (2010) Emerging
resource use conflicts between Kenyan fishermen,
pastoralists and tribesmen of Lake Turkana. Aquat
Ecosyst Health Manage 13:28-34

Zaccara S, Crosa G, Vanetti I, Binelli G, Harper DM,
Mavuti KM, Balarin JD, Britton JR (2014) Genetic
and morphological analyses indicate high population
mixing in the endangered cichlid Alcolapia flock of
East Africa. Conserv Genet 15:429-440

Zinabu G (2002) The Ethiopia rift valley lakes: major
threats and strategies for conservation. In:
Tudorancea C, Taylor WD (eds) Ethiopia rift valley
lakes. Backhages, Leiden, pp 259-270


http://whc.unesco.org/en/list/1060
http://whc.unesco.org/en/list/1060

Lothar Krienitz, Barbara Mahnert, and Michael Schagerl

Abstract

The East African Rift Valley lakes host an avifauna that is rich in
biodiversity and individual numbers. Some of the water bodies are
known as ‘flamingo lakes’. They are renowned places even for
non-biologists and attract hundreds of thousands of tourists from all
over the world. Two flamingo species inhabit these lakes, the Greater
and the Lesser Flamingo. The latter is classified as ‘near threatened’
by the IUCN. Flamingos, considered by birdlovers as a reincarnation
of the mythic firebird Phoenix, play a key role in the circle of life in
the harsh alkaline aquatic environments developed on the volcanic
ashes of the African Rift Valley. We focus on the Lesser Flamingo,
a flagship species of the East African avifauna, and provide informa-
tion about the life cycle and phylogeny, feeding behaviour and
inter-lake movements. Moreover, threats to the flamingo populations,
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reasons for

infrequent mass mortalities, are

10.1 Introduction

Visiting an East African saline lake (EASL) during
a phase of high presence of Lesser Flamingos
(Phoeniconaias minor Geoffroy Saint-Hilaire)
and the associated avifauna definitely touches
all senses (Brown 1959; Mari and Collar 2000).
Hundreds of thousands of birds with their
pinkish-coloured bodies attract our eyes
(Fig. 10.1) and the monotonous chattering back-
ground noise sounds like music. This, together
with the pronounced smell of decomposing
Cyanobacteria and bird droppings, the high
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Fig. 10.1 Flamingos of East African soda lakes. (a) Species comparison of Lesser Flamingos (Phoeniconaias minor)
in the foreground and Greater Flamingos (Phoenicopterus roseus) in the background; (b) huge flocks visiting Lake
Bogoria (Kenya); (c) feeding position of a Lesser Flamingo; (d) flamingos on the shore of Lake Chitu (Ethiopia)
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Fig. 10.2 Raptors. (a, b) Steppe Eagle (Aquila nipalensis orientalis); (¢) Rippell’s Griffon Vulture (Gyps rueppellii);
(d) Long-crested Eagle (Lophaetus occipitalis); (e) Fish Eagle (Haliaeetus vocifer)

radiation burning the skin and caustic soda A rich and spectacular avifauna inhabits the
dust, makes such a visit an unforgettable EASL (Figs. 10.1, 10.2, 10.3, 10.4, 10.5 and
experience. 10.6); waterfowl censuses yielded approximately
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Fig. 10.3 Avifauna of
East African soda lakes.
(a, b) Marabou Stork
(Leptoptilos crumeniferus);
(¢) African Spoonbill
(Platalea alba); (d) Yellow-
billed Stork (Mycteria ibis);
(e) Little Egret (Egretta
garzetta); (f) Cattle Egret
(Bubulcus ibis)

200 different species. Depending on lake size and
condition, bird occurrence fluctuates consider-
ably. Pomeroy et al. (2003) studied waterfowl
of small saline alkaline crater lakes in Uganda

and found 72 species in total. The small crater
lake Chitu (Ethiopia) is the most specific
one, hosting exclusively one bird species, the
Lesser Flamingo. For the nearby Lake Abijata
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Fig. 10.4 Avifauna of East African soda lakes. (a) Hadada Ibis (Bostrychia hagedash); (b) Sacred Ibis (Threskiornis
aethiopicus); (¢) Black-winged Stilt (Himantopus himantopus); (d) Hamerkop (Scopus umbretta)

(Ethiopia), merely 22 species have been reported
(Ewnetu et al. 2013). The Bogoria National
Reserve (Kenya) hosts 223 bird species living at
the lake shores and immediate surroundings

(Harper et al. 2003). The avifauna can be
assigned to their respective ecological niches.
Nonetheless, our understanding of the ecological
requirements of tropical water birds and the links
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Fig. 10.5 Avifauna of
East African soda lakes.
(a) Common Ostrich
(Struthio camelus) two
males and one female
(centre); (b) Egyptian
Goose (Alopochen
aegyptiacus); (c) bigger
Egyptian Geese and
smaller Cape Teals (Anas
capensis); (d) the large
colony of Great White
Pelicans at Nakuru
(Pelecanus onocrotalus)

between the different taxa remains rudimentary
(Owino et al. 2001).

The Lesser Flamingo is the centrepiece
of birdlife at EASL and a flagship species of the
East African avifauna. The species is the focus

of this compilation. A recent estimation of its
abundance in the primary ranges of East Africa
(Ethiopia, Kenya, Tanzania, Uganda) is between
832,260 and 2,126,834 individuals (Childress
et al. 2008). Three smaller ranges of Lesser
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Fig. 10.6 Fluctuating water levels of the amplifier Lake Nakuru result in different avifauna. (a, b) Large flocks
of flamingos on the lake in 2004; whitish layers are trona, and pinkish areas along the shoreline are flamingos. (c, d, e)
High water levels from 2013 onwards caused a shift in the bird community; (¢) Red-billed Teals (Anas erythrorhyncha);
(e) Grey-headed Gulls (Larus cirrocephalus). (b) and (d) show exactly the same area (please refer to the three trees in

the centre of the photos)

Flamingos are known, which are South Africa
(Botswana, Namibia, South Africa) with around
15,955-87,835 individuals, West Africa
(Guinea, Mauritania) with 11,285-17,800

individuals and India, the only primary
range state of the Asian continent, with
17,045-411,355 Lesser Flamingos (Childress
et al. 2008).
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Table 10.1 Comparison of the two flamingo species at soda lakes of East Africa

Phoeniconaias minor Geoffroy
Saint-Hilaire 1798

Phoenicopterus roseus Pallas 1811

Lesser Flamingo

Greater Flamingo

Habitus

Distribution Africa, India

Africa, Middle East, South-East Europe

Number 2-3 million 600,000

Size (height) <100 cm 110-150 cm

Weight <2.5kg <3.5kg

Colour Feathers white or pink, legs pink, bill Feathers white or pale pink, legs pink, bill base
burgundy in different colour gradings pink, apex black

Bill, filter Cross section deeply keeled, large areas Cross section shallowly keeled, small areas of

lamellae of laminae, filter lamellae with fringed laminae, filter lamellae without fringed platelets
platelets

Eyes Red Pale yellow

Food Surface feeder with a special diet: Bottom feeder with a more general diet: small

Cyanobacteria and algae

molluscs, crabs, insect larvae, copepods, daphnids,
mud, large algae

Observing the huge flocks at the lake shore
reveals that a second flamingo species does
occur at the EASL: the Greater Flamingo
(Phoenicopterus roseus Pallas) (Fig. 10.1).
About 90 % of the flamingo population at
EASL is represented by Lesser Flamingos and
10 % by the Greater Flamingos; diacritic features
are summarised in Table 10.1. The two species
do not compete with one another because
they have two different food selection tools and
feeding strategies, featured as specialist versus
generalist. Whereas the Lesser Flamingo is a
primary consumer and preferably ingests
Cyanobacteria and algae from the water surface,
the Greater Flamingo is a secondary consumer
and feeds mainly on small invertebrates from the
lake bottom (Brown 1975; Jenkin 1957; Ridley
et al. 1955).

Predators and scavengers are closely linked to
flamingo life and death. Although predators are
low in number, they are very efficient in hunting
young and weakened flamingos. Predators are

represented by Marabou Storks (Leptoptilos
crumeniferus Lesson) and birds of prey such as
Fish Eagles (Haliaeetus vocifer Daudin), Tawny
Eagles (Aquila rapax Temminck) and Steppe
Eagles (Aquila nipalensis orientalis Hodgson)
(Figs. 10.2 and 10.3). Foraging areas of the
predators are lake shores; their nests are usually
built in large trees in the vicinity of the lakes. A
number of vulture species such as the Egyptian
Vulture (Neophron percnopterus L.) fly in from
further away; they prey on eggs and chicks in
breeding colonies, but also feed on carcasses
(Brown and Root 1971). An interesting link
between predators and flamingos are flocks of
Grey-headed Gulls (Larus cirrocephalus Vieillot:
Fig. 10.6e). Brown (1959) observed them cir-
cling along the lake shores with their character-
istic shrieks. The gulls do not actively kill
flamingos, but are in resource competition with
eagles because they scavenge carcasses. Eagles
are therefore forced to search for additional food
and start increased hunting on young flamingos.
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After introduction of salt-tolerant fish into
several EASL, for example, in the early 1960s,
the Magadi Tilapia Alcolapia grahami
Boulenger into Lake Nakuru (Kenya), piscivo-
rous birds (fish-eaters such as pelicans,
cormorants, Hamerkop, terns, gulls, storks and
herons; Figs. 10.4, 10.5 and 10.6) increased in
numbers (Vareschi and Jacobs 1984). Amongst
these secondary consumers, the pelicans
(Pelecanus onocrotalus L.; Fig. 10.5d) have the
strongest influence on the fish population, con-
suming about 90 % (Vareschi and Jacobs 1985).
The abundance of fish-eating birds depends on
fish density, which undergoes considerable
fluctuations.

A large number of waterbirds depend directly
on detritivorous chironomids (nonbiting midges),
which are distributed in oxic zones of the
water column. During a sampling survey in
Lake Bogoria (Kenya) in the early 2000s, only
a single taxon of chironomids was observed
(cf. Paratendipes Kieffer). It was able to estab-
lish a wet biomass of about 3 t for the whole lake.
210 kg day™' of adult chironomids emerged,
which together with pupal exuvia and dead adults
formed the food base for 50 different bird taxa
such as teals, grebes, swifts and swallows
(Harper et al. 2003). Also Ephydridae (shore
and brine flies) show mass emergences at Lake
Bogoria (see Chaps. 8 and 12). At other saline
lakes, different species of chironomids may also
act as a food source. For example, at Lake
Nakuru, Leptochironomus deribae Freeman
builds the food base for many waterbirds
(Vareschi and Jacobs 1985).

At swampy lake banks, numerous waders pick
invertebrates from the mud, some of them arriv-
ing from the Palearctics. Most species belong to
the families Charadriidae (plovers, lapwings),
Scolopacidae (sandpipers, snipes) and Recurvir-
ostridae (avocets, stilts) (Fig. 10.4a—c). Their
food is variable and comprises mainly arthropods
including chironomids and other insects, worms,
molluscs and plant parts such as seeds and
decomposing shoots. Larger waterbirds wading
around swampy shorelines belong to the
Threskiornithidae (ibises, spoonbills; Figs. 10.3c
and 10.4a, b) and Ciconiidae (storks; Fig. 10.3d).
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They prefer feeding on small fish, reptiles and
mammals, but also feed on smaller animals such
as insects. The shallow lagoons are home to
Anatidae (ducks), living in pairs or flocks and
grasping for grass and other herbs, submerged
plants and tiny animals (Fig. 10.5b, c).

The number of the waterbird species recorded
at individual EASL differs greatly. Waterfowl
censuses between 1992 and 1999 revealed mean
ratios of flamingos to non-flamingo counts:
108,081-10,093 91:9 %) (Elmentaita),
232,275-20,275  (92:8 %) (Nakuru) and
521,925-5060 (99:1 %) (Bogoria). As expected
from previous observations, Lake Bogoria hosted
the highest number of flamingos but the lowest
number of non-flamingos (Owino et al. 2001).
This probably reflects the harsh lake conditions
controlling the food sources. For Bogoria, growth
of the preferred food source of Lesser Flamingos,
Arthrospira fusiformis (Voronikhin) Komarek
and J. W. G. Lund, is boosted in this extreme
milieu (Fig. 10.7b). Piscivorous birds are
excluded from this lake because fish are lacking.

These few examples show the complexity of
the avifauna of EASL, which host in addition to
the near-threatened Lesser Flamingo a number of
protected and rare bird species such as Cape
Teals (Anas capensis Gmelin) (Fig. 10.5¢) and
Black-necked Grebes (Podiceps nigricollis
Boddaert). Last but not least, these lakes are of
eminent importance as feeding and resting
stations of Palearctic migratory birds. All these
factors demand the highest priority for conserva-
tion of these unique and sensitive aquatic
habitats.

Field Methods
of Ornithologists

10.2

Identification of bird species, bird censuses and
monitoring bird movements create the basis for
further ornithological and ecological studies. The
most popular methods are direct observations
and counts by bird-watchers along the lake
shorelines or from boats using binoculars. Small
numbers of birds are counted individually, larger
flocks are first divided into subsections and then
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Fig. 10.7 Feeding technique of the Lesser Flamingo. (a) Characteristic feeding position for surface harvest; (b) the
preferred main diet is the coiled cyanoprokaryote Arthrospira fusiformis; the ciliate Frontonia (bottom) also feeds on
A. fusiformis; (c¢) excluders; (d) filter platelets inside the bill; (e) characteristic reddish plumage because of carotenoid
inclusions
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equivalent sections are estimated. This methodol-
ogy was described in detail by Kihwele
et al. (2014) and is applied in annual to biannual
intervals by the African Waterfowl Census, which
was initiated in Kenya in 1990 (Bennun and
Nasirwa 2000). Also other countries follow this
approach for flamingo counts (Ethiopia: Ewnetu
et al. 2013; Tanzania: Baker and Baker 2002,
2006; Kihwele et al. 2014; Mlingwa and Baker
2006). It is coordinated worldwide by Wetlands
International (Maina and Kyungu 2009).

Accurate countings of flamingos and their
nests based on aerial photographs were
introduced by Grzimek and Grzimek (1960) for
Lake Natron. This methodology was later on also
applied for Lake Nakuru (Vareschi 1978) and
other EASL (Tuite 1979, 2000). More recently,
13 major lakes were studied in North Tanzania
in 2002 (Raini and Ngowe 2009). At least in
former times, analyses of the photographs were
extremely time consuming (tagging single
flamingos with pinholes, pers. comm. Chris
Tuite). Additionally, this method is usually
done in sequences lake by lake with some time
gaps in between, during which huge flocks
of flamingos might have moved. For reliable
flamingo numbers and movement patterns,
flamingo counts need to be synchronised at
all flamingo sites, which is very difficult and
expensive to realise. Fortunately, sophisticated
methods of so-called reality mining are available
nowadays, but they are not yet applied in the
flamingo areas. Examples are the use of
unmanned aerial aircraft (Sarda-Palomera
et al. 2012; Chabot and Bird 2013) or satellite
tracking; the latter was already successfully
tested for few flamingos (~20) in South Africa
(McCulloch et al. 2003) and East Africa
(Childress et al. 2006; Salewski et al. 2009).
Miniaturisation of animal-tracking devices and
affordable running costs will enable tagging
larger bird numbers in the very near future,
which is the method of choice to study move-
ment of flocks. Such automated techniques will
allow in-depth analyses of social structures and
other parameters of these enigmatic species in
space and time (Krause et al. 2013).
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Another promising approach is satellite-based
remote sensing. To our knowledge, the resolution
is still too low for counting single specimens, but
in the near future this method will also be suit-
able for simultaneous counts. Remote sensing
was already applied to evaluate flamingo food
resources in five saline alkaline lakes in Kenya
and Tanzania, in which in situ reflectance of the
water and Landsat satellite imagery were com-
bined to establish an optical classification
scheme for Cyanobacteria and algae quantifica-
tion based on chlorophyll-a (Tebbs et al. 2015).
A basic requirement for such quantifications
is calibration, which requires simultaneous
chlorophyll-a measurements at the lakes. Addi-
tional analyses of the plankton community
should also be considered because algal groups
differ in their spectral properties.

Methods of capturing and handling of live
Lesser Flamingos were described by Childress
and Jarrett (2005). Standardised sampling of fla-
mingo carcasses to analyse the causes of mass
mortalities (see also below) are presented in
detail by Cooper et al. (2014), who suggested
suitable equipment and techniques, sample
handling and standardised protocols.

10.3 The Phenotype of the Lesser
Flamingo

Flamingos are considered by birdlovers as a rein-
carnation of the firebird Phoenix, which is also
reflected in the scientific name of the family
Phoenicopteridae (‘Phoenix winged’ or ‘blood-
red feathered’). Also the word ‘flamingo’,
derived from the Spanish flamengo/flamenco,
refers to the beautiful reddish plumage (Latin
flamma = flame). Flamingos have peculiar
features, which are difficult to explain in words:
the special proportion of the tapered body and
thin legs, the long and fragile neck, the huge
crooked bill and the strikingly coloured plumage.
The Lesser Flamingo is the smallest species of
the family Phoenicopteridae.

The colour of feathers varies with taxon, age
and also function. Juvenile Lesser Flamingos
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Fig. 10.8 Emergence and decay in a flamingo life. (a) Nest building at Lake Oloidien (Kenya); (b) young Greater
Flamingos; (c¢) Lesser Flamingos of different ages; (d) mass mortality at Lake Bogoria (Kenya) in August 2008, the
underlying reasons are still under discussion

have a greyish plumage (Fig. 10.8c), which of rose, wing feathers show stronger components
changes into gorgeous pink during adolescence of pink (Fig. 10.7e¢) and remiges (covered in
(Fig. 10.1). Body feathers have a fine graduation non-flying situations) are black-brownish. The
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pink coloration originates from the carotenoids
taken up via their major food, Arthrospira
fusiformis. Mainly canthaxanthin (Thommen and
Wackernagel 1963), astaxanthin, intermediate
phoenicoxanthin (Fox et al. 1967) and
phoenicopterone (Fox 1975), usually bound with
proteins (Thommen 1975), are responsible for the
pigmentation. Algal pigments are converted in the
liver and skin.

10.4 Life Cycle of the Lesser
Flamingo

Even a century ago, no one was able to explain the
origin of flamingos. Folk tales of the Maasai
suggested that young flamingos are children of the
lake, arising mysteriously from the centre of Lake
Natron. This enigma was solved by the famous
researcher Leslie Brown (Brown 1955, 1959). The
following description of the life cycle is mainly
based on the excellent study of Lesser Flamingo
breeding at lakes Natron and Magadi, which was
done between 1954 and 1969 (Brown and Root
1971). More recent information and fascinating
footage are provided in the documentary film ‘The
Crimson Wing’ (Disneynature 2008).

Successful breeding of Lesser Flamingos has
been reported for only a few sites worldwide:
Lake Natron (Tanzania; the only site within the
East African Rift Valley), Makgadikgadi Pan
(Botswana), two salt pans of Etosha Pan
(Namibia), an artificial breeding island in

Fig. 10.9 Breeding areas
of Lesser Flamingos. Main
area is Lake Natron;
Kamfers Dam is an
artificial breeding ground

Kamfers Dam near Kimberley (South Africa)
(Anderson and Anderson 2010), salt pans on the
territory of the Rann of Kutch in Gujarat (India)
(Childress et al. 2008) and small sites in
Mauritania/Senegal (Fig. 10.9). Breeding areas
require very special conditions because breeding
success is highly dependent on solitude. The arid
and shallow breeding grounds must be inaccessi-
ble for predators and humans and need to be
flooded seasonally. In the further process of dry-
ing, islands of salty mud emerge from the shal-
low water; these serve as a basis for flamingo
nests. In a figurative sense, flamingos—Ilike the
firebird Phoenix—arise from the ashes, which
originated from the numerous volcanos in the
African Rift Valley; the ash itself is used for
building nests. From the breeding areas, the
parents need to have access to feeding grounds
and freshwater within a flying distance of
<180 km (Childress et al. 2008; Simmons
1996; Tebbs et al. 2013). The breeding success
of Lesser Flamingos fluctuates highly, but breed-
ing failures lasting more than 10 years clearly
have no effect on the general population dynam-
ics (Parasharya et al. 2015). Estimates at lakes
Natron and Magadi from 1954 to 1969 revealed
highest breeding numbers in 1957, when 570,000
pairs accessed two breeding colonies at Natron,
and 1962 when 935,000 pairs nested at Magadi.
In 1954 and 1962, the total number of eggs
including both sites was 3,190,000 and around
1,360,900 chicks fledged, resulting in a breeding
success of 42.6 % (Brown and Root 1971).

) Lake Matron Tanzania

(2) Makgadikgadi Pan Botswono

Two salt pans of Etosha Pan Nomibia

(3) Artificial breeding island in Kamfers Dam

near Kimberley South Africa

(4) Salt pans on the territory of the Rann of
Kutehehh in Gujarat India

((_13 Small sites in Maouritania and 